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INTRODUCTION 

Prostate  cancer  is  the  most  commonly  diagnosed  cancer  in  North  American  men  and  it  is 
estimated  that  there  are  over  300,000  newly  diagnosed  cases  each  year  (1,2).  The  incidence  and 
mortality  rates  from  prostate  cancer  are  increasing  and  this  is  due,  in  part,  to  an  increasingly 
aging  population  and  the  higher  incidence  of  this  disease  in  older  men  (3,  4).  Prostate  cancer 
therapy  is  dependent  on  the  stage  of  the  tumor  and  AR  expression.  Early  stage  androgen- 
responsive  prostate  cancers  can  be  treated  by  castration  or  with  antiandrogens  or  drugs  that  block 
androgen-induced  responses  including  steroidal  antiandrogens  (cyproterone),  LHRH  analogs, 
nonsteroidal  antiandrogens  (flutamide,  nilutamide,  bicalutamide),  and  the  potent  estrogenic  drug 
diethylstilbestrol  [reviewed  in  (5-8)].  In  addition,  there  are  several  novel  strategies  for  treatment 
of  prostate  cancer  and  other  tumor-types  and  these  include  targeting  of  critical  genes  involved  in 
tumor  cell  growth  and  metastasis  (e.g.  antiangiogenic  drugs,  antisense  therapy)  (9-13).  Ligands 
for  nuclear  receptors  (NR)  are  also  being  developed  for  treatment  of  prostate  cancer  through 
inhibitory  NR-AR  crosstalk  that  involves  various  compounds  that  bind  the  retinoid  acid/X- 
receptors  (retinoids),  vitamin  D  receptor  (calcitrol),  and  peroxisome  proliferator  activate  receptor 
Y  (trogilatazone)  (14-26).  A  recent  study  in  androgen-responsive  LNCaP  prostate  cancer  cells 
showed  that  2,3,7,8-tetrachlorodibenzo-/7-dioxin  (TCDD),  a  ligand  for  the  aryl  hydrocarbon 
receptor  (AhR),  inhibited  testosterone-induced  cell  proliferation  and  gene/reporter  gene 
expression  (27).  We  have  developed  a  series  of  alternate-substituted  (2, 3,6, 8-  and  2,4, 6, 8-)  alkyl 
polychlorinated  dibenzofurans  (PCDFs)  and  substituted  diindolylmethanes  (DIMs)  (Fig.  1)  that 
inhibit  rodent  mammary  tumor  growth  in  vivo,  but  do  not  induce  toxic  responses  associated  with 
exposures  to  TCDD  (28-35).  These  selective  AhR  modulators  (SAhRMs)  are  therefore  an 
important  new  class  of  drugs  that  target  the  AhR  and  they  have  been  successfully  used  for 
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inhibiting  growth  of  breast  tumors/cells  (28-35)  and  pancreatic  cancer  cells  (36).  Studies 
sponsored  by  this  grant  are  focused  on  inhibitory  AhR-AR  crosstalk  in  human  prostate  cancer 
cells  and  applications  of  SAhRMs  for  treatment  of  this  disease.  These  studies  will  include 
characterization  of  the  Ah-responsiveness  of  several  prostate  cancer  cells,  inhibition  of  prostate 
cancer  cell  growth  by  SAhRMs,  mechanisms  of  inhibitory  AhR-AR  crosstalk  and  in  vivo 
inhibition  of  prostate  tumor  growth  by  SAhRMs  in  athymic  nude  mice  bearing  prostate  cancer 
cell  xenografts. 


Figure  1.  TCDD  and  selective  AhR  modulators 
(SAhRMs)  6-MCDF  and  DIM. 

BODY 

Characterization  of  Ah-responsiveness  of  prostate  cancer  cells 

The  first  part  of  this  project  (Task  1)  has  been  focusing  on  characterization  of  Ah- 
responsiveness  of  several  prostate  cancer  cell  lines  by  determining  induction  of  CYPIAI- 
dependent  activities  by  TCDD  and  by  SAhRMs.  The  results  in  Figure  2  summarize  the 
concentration-dependent  induction  of  ethoxyresorulin  0-deethylase  (EROD)  activity  by  TCDD 
(note:  this  activity  is  catalyzed  by  CYPlAl).  TCDD  clearly  induces  EROD  activity  in  22RV1 
prostate  cancer  cells  at  concentrations  of  01,  1.0  and  10.0  nM  (Eig.  2A);  the  EC50  value  is  <  0.1 
nM  and  a  >  14-fold  induction  response  was  observed.  In  a  parallel  experiment,  DIM  exhibited 
minimal  induction  of  EROD  activity  (Eig.  2B),  and  this  is  consistent  with  previous  reports 
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showing  that  DIM  is  a  weak  AhR  agonist/partial  antagonist  for  this  response. 


2A:  22RV1  Cells  2B:  22RV1  Cells 


TCDD(nM)  0  0.1  1.0  10.0  TCDD  (nM)  0  1.0  0  0  0  0 

DIM(nM)  0  0  10  100  1,000  10,000 


Figure  2.  Induction  of  CYPIAI-dependent  EROD  activity  by  DIM  and  TCDD  in  22RV1 
prostate  cancer  cells. 


The  induetion  of  EROD  aetivity  by  TCDD  and  DIM  in  PCS  prostate  eaneer  eells  was 
also  investigated  using  serum- free  medium.  The  results  after  treatment  for  24  hr  showed  that  10 
nM  TCDD  and  both  1  and  10  pM  DIM  indueed  EROD  aetivity  (<  3-fold)  (Eig.  3).  In  eontrast,  1 
nM  TCDD  was  not  aetive.  The  experiments  were  therefore  extended  for  48,  72  and  96  hr,  and 
the  results  showed  the  novel  effeets  of  prolonged  treatment  with  TCDD  or  DIM  on  induetion  of 
EROD  aetivity.  The  lower  eoncentrations  of  TCDD  (1  nM)  and  DIM  (1  pM)  were  not  indueers 
at  the  longer  time  periods,  and  the  induction  response  by  10  pM  DIM  was  similar  at  all  time 
points.  In  contrast,  prolonged  treatment  with  10  nM  TCDD  increased  induction  of  EROD 
activity  and  after  96  hr,  there  was  a  >  29-fold  induction  response.  These  results  demonstrate  that 
the  AhR  is  functional  in  PC3  prostate  cancer  cells;  however,  optimal  responsiveness  is  observed 
only  after  96  hr  and  the  reason  for  this  unusual  temporal  pattern  of  Ah-responsiveness  is 
currently  being  investigated. 
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Control  DIMI^M  DIM  10  |jM  TCDD  TCDD 

1  nM  10  nM 


Figure  3.  Induction  of  EROD  activity  by  DIM  and  TCDD  in  PCS  prostate 
cancer  cells.  Cells  were  seeded  50,000  per  well  in  48-well  plates  in  DME  + 
5%  stripped  serum  and  allowed  to  attach  24  h.  Cells  were  then  treated  with 
DMSO  vehicle  or  treatments  in  DMSO  one  time  in  DME-F12  media  without 
serum  supplementation,  with  7  or  8  wells  per  treatment  group.  On  separate 
plates,  the  EROD  assay  was  performed  after  24,  48,  72  or  96  h. 


Western  blot  analysis  also  eonfirmed  expression  of  both  AhR  and  Amt  proteins,  and 
treatment  with  TCDD  but  not  6-MCDF  deereased  expression  of  the  AhR  (Fig.  4A).  Expression 
of  other  proteins  including  Spl,  cyclin  D1  and  p27  were  unaffected  by  the  treatments  and  serve 
as  loading  controls.  Results  illustrated  in  Figure  4B  also  show  that  treatment  of  LNCaP  cells 
with  10  nM  TCDD  induced  luciferase  activity  >  9-fold  compared  to  solvent  control  (DMSO)  in 
cells  transfected  with  pDREs.  In  contrast,  10  nM  DHT,  10  nM  E2  and  E2  plus  DHT  did  not 
significantly  induce  activity,  and  neither  DHT  or  E2  in  combination  with  TCDD  affected 
induced  activity.  6-MCDE  (2  |uM),  a  prototypical  SAhRM,  also  induced  luciferase  activity  (>  7- 
fold),  and  this  was  consistent  with  the  induction  of  CYPlAl  by  6-MCDP.  6-MCDP  is  a  much 
less  potent  agonist  for  activation  of  CYPlAl  or  DRE-dependent  activities  in  breast  cancer  cells. 
Both  E2  and  DHT  in  combination  with  6-MCDE  significantly  inhibited  6-MCDE-mduced 
activity,  whereas  in  cells  treated  with  TCDD  in  combination  with  E2  or  DHT,  inhibitory 


interactions  were  not  observed. 
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A.  LNCaP  cells 
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10  100  1000 


B.  pDREj 


E2  10nM  -  -  +  .  +  .  +  .  .  + 

TCDD  10  nM 

6-MCDF  2  mM . +  -F  + 


Figure  4.  Ligand-dependent  AhR  activation  and  growth 
inhibition  in  LNCaP  ceiis.  [A]  Induction  of  CYP1A1 
protein.  LNCaP  ceiis  were  treated  with  DMSO  (C),  10 
nM  TCDD,  2  or  5  pM  6-MCDF  for  6  or  12  h,  and  whoie 
ceii  iysates  were  anaiyzed  by  Western  biot  anaiysis  as 
described  in  the  Materiais  and  Methods.  Antibodies 
were  used  to  detect  the  AhR,  Arnt,  CYP1 A1 ,  cyciin  D1 
and  p27  proteins.  [B]  Activation  of  pDRES.  LNCaP  ceiis 
were  transfected  with  pDRE3,  treated  with  various 
compounds  and  iuciferase  activity  was  determined  as 
described  in  the  Materiais  and  Methods.  Significant 
induction  (p  <  0.05)  is  indicated  with  an  asterisk  and 
inhibition  of  TCDD-  or  6-MCDF-induced  activity  is  aiso 
indicated  (  **  ).  [C]  Inhibition  of  LNCaP  ceii  growth  by 
TCDD  and  6-MCDF.  Ceiis  were  cuitured  for  six  days, 
treated  with  different  concentrations  of  TCDD  or  6- 
MCDF,  and  ceii  numbers  were  determined  as  described 
in  the  Materiais  and  Methods.  Significant  (p  <  0.05) 
growth  inhibition  is  indicated  by  an  asterisk.  Aii  resuits 
are  presented  as  means  +  SE  for  three  repiicate 
determinations  for  each  treatment  group.  Growth 
inhibition  in  some  of  the  groups  was  observed  after  2  to  4 
days. 


The  comparative  effects  of  TCDD  and  6-MCDF  on  growth  of  LNCaP  cells  were  also 
determined  in  cells  treated  with  solvent  control  and  different  concentrations  of  the  AhR  agonists 
for  6  days.  The  results  show  that  TCDD  (1  -  100  nM)  significantly  inhibited  proliferation  of 
LNCaP  cells,  and  growth  inhibition  was  also  observed  for  6-MCDF  (Fig.  4B).  Both  compounds 
inhibited  >  50%  cell  growth  at  one  or  more  concentrations.  Similar  experiments  were  also 
carried  out  with  6-MCDF  and  TCDD  in  LNCaP  cells  also  treated  with  different  concentrations  of 
DHL  (up  to  10  nM).  Hormone-induced  cell  growth  was  not  observed;  however,  both  6-MCDF 
and  TCDD  inhibited  growth  of  LNCaP  cells  in  the  presence  of  DHL  (data  not  shown).  These 
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results  confirm  that  LNCaP  cells  are  Ah-responsive  and  both  TCDD  and  6-MCDF  inhibit 
LNCaP  cell  proliferation.  The  effects  of  TCDD  on  cell  cycle  progression  was  also  determined  in 
LNCaP  cells  treated  with  1.0,  10  and  100  nM  TCDD  for  48  hr  followed  by  FACS  analysis.  The 
results  show  that  TCDD  induced  a  small  but  significant  increase  in  the  percentage  of  cells  in 
Go/Gi  and  a  decrease  of  cells  in  S  phase,  whereas  minimal  differences  in  distribution  of  cells  in 
Go/Gi,  S  and  G2/M  phases  were  observed  in  LNCaP  cells  treated  with  solvent  (DMSO)  or  DHL 
(10  nM).  The  results  also  show  that  DIM  inhibits  growth  of  PCS  cells  in  serum-free  or  1% 
serum-containing  medium  at  concentrations  as  low  as  0.1  pM  DIM  (Fig.  5).  Similar  results  were 
obtained  for  both  DIM  and  6-methyl-I,3,8-trichlorodibenzofuran  (6-MCDF)  in  22RVI  cells  (Fig. 
6)  and  demonstrate  that  both  classes  of  SAhRMs  inhibit  growth  of  prostate  cancer  cells. 


22RV1  Cells 


Figure  5.  Inhibition  of  PCS  prostate  cancer  cell  growth  by  DIM. 
Cells  (10^)  were  seeded  in  6-well  plates  and  treated  with  different 
concentrations  of  DIM  for  6  days.  Significant  (p  <  0.05)  inhibition 
of  cell  growth  is  indicated  by  an  asterisk  and  results  are  presented 
at  means  ±  SE  for  at  least  three  replicate  determinations. 


Figure  6.  Inhibition  of  22RV1  cell  growth  by  6-MCDF  and  DIM. 
Cells  were  essentially  treated  as  described  for  PCS  cells  (Fig.  4) 
and  significant  (p  <  0.05)  induction  is  indicated  by  an  asterisk. 
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Inhibitory  AhR-AR  Crosstalk  in  LNCaP  Cells  Transfected  with  Androgen-responsive 
Constructs 

Effects  of  TCDD,  dihvdrotestosterone  (DHT)  and  E2  on  AR  levels 

The  AR  is  expressed  in  22RV1  prostate  cancer  cells,  and  we  have  investigated  the  time- 
dependent  effects  of  DHT,  IVP-estradiol  (E2),  TCDD,  E2  plus  TCDD,  and  DHT  plus  TCDD  on 
AR  protein  expression  in  this  cell  line  (Task  2).  Eigands  for  several  receptors  initiate 
degradation  of  their  cognate  receptors  (37-46);  for  example,  estrogens,  retinoids  and  progestins 
trigger  proteasome-dependent  ER,  RXR/RAR  and  PR  protein  downregulation.  One  report 
showed  that  androgens  do  not  induce  downregulation  of  AR  protein  in  ENCaP  cells  (47); 
however,  in  untreated  cells,  the  proteasome  inhibitor  MG  132  enhanced  AR  protein  levels  in  the 
same  cell  line.  TCDD  and  SAhRMs  induce  proteasome-dependent  degradation  of  the  AhR  and 
ERa  in  breast  cancer  cells,  and  we  therefore  investigated  inhibitory  AhR-AR  crosstalk  on  AR 
protein  expression.  The  results  in  Eigure  7  demonstrate  that  10  nM  DHT  induces  a  time- 
dependent  >  3. 5 -fold  increase  in  AR  protein  expression  over  a  treatment  period  of  24  hr,  whereas 
10  nM  E2  or  TCDD  alone  (or  in  combination)  had  no  affect  on  AR  protein  levels.  In  22RV1 
cells  cotreated  with  TCDD  plus  DHT,  the  increased  expression  observed  with  DHT  alone  was 
repressed  by  TCDD,  and  similar  results  were  observed  in  ENCaP  cells  (data  not  shown). 
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Figure  7.  Effects  of  DHT,  E2,  TCDD  and  their  combination  on  AR  protein  expression  on  22RV1  ceiis. 
Resuits  are  expressed  as  means  ±  SD  for  at  ieast  three  repiicate  determinations. 


Jana  and  coworkers  (27)  previously  reported  that  TCDD  inhibited  testosterone-induced 
luciferase  activity  in  LNCaP  cells  transfected  with  an  androgen-responsive  construct  containing 
the  mouse  mammary  tumor  virus  (MMTV)  promoter.  Inhibition  of  testosterone-induced  PSA 
protein  or  mRNA  by  100  nM  TCDD  was  reported  but  not  quantitated,  and  the  magnitude  of 
inhibition  was  minimal.  Therefore,  we  further  investigated  inhibitory  AhR-AR  crosstalk  in 
LNCaP  cells  transfected  with  pPB  which  contains  the  -286  to  +28  region  of  the  androgen- 
responsive  probasin  gene  promoter  (Fig.  8A).  There  was  a  >  13-fold  increase  in  luciferase 
activity  in  LNCaP  cells  treated  with  10  nM  DHT  and  transfected  with  pPB  and  the  indueed 
response  was  significantly  inhibited  after  cotreatment  with  DHT  plus  TCDD.  Similar  inhibitory 
responses  were  also  observed  using  2  qM  MCDF  (Fig.  8A),  whereas  TCDD  and  MCDF  alone 
did  not  significantly  induce  aetivity.  Surprisingly,  10  nM  E2  alone  induces  luciferase  activity  in 
LNCaP  cells  transfected  with  pPB,  and  the  hormone-indueed  response  is  significantly  decreased 
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in  cells  cotreated  with  E2  plus  TCDD  or  6-MCDF  (Fig.  8A). 


A  pPB 


DHTIOnM  -  +  -  -  +  +  -  .  +  . 

E2  10nM  -  -  -  + 

TCDD  10  nM  - 

6-MCDF  2  (jM . +  +  + 


B  pARRj 


45 


DHTIOnM  -  +  -  -  +  +  .  .  +  . 

E2  10nM  -  -  -  + 

TCDD  10  nM 

6-MCDF  2  |jM . +  +  + 


Figure  8.  Inhibition  of  AR-dependent  transactivation  by  TCDD  and  6-MCDF.  LNCaP  cells 
were  transfected  with  pPB  [A]  or  pARR3  [B],  treated  with  hormone  or  AhR  agonist  alone  or  in 
combination,  and  luciferase  activity  was  determined  as  outlined  in  the  Materials  and  Methods. 
Significant  (p  <  0.05)  induction  by  compounds  alone  is  indicated  by  an  asterisk,  and  significant 
(0  <  0.05)  inhibitory  effects  observed  in  cotreatment  studies  are  also  indicated  ( ** ).  Results 
are  expressed  as  means  ±  SE  for  three  replicate  determinations  for  each  treatment  group. 


The  pARR3  construct  contains  three  tandem  (3)  copies  of  the  probasin  androgen  response 
element,  and  was  used  to  further  investigate  inhibitory  AhR-AR  crosstalk  and  the  androgenic 
activity  of  F2.  Ten  nM  DHT  induced  a  >  27-fold  increase  in  lueiferase  in  FNCaP  cells 
transfeeted  with  pARRs;  however,  for  this  construct,  cotreatment  with  DHT  plus  MCDF  or 
TCDD  did  not  deerease  DHT-indueed  aetivity  (Fig.  2B).  F2  (10  nM)  also  indueed  luciferase 
aetivity  (>  24-fold)  in  cells  transfeeted  with  pARRs:  however,  in  eells  cotreated  with  F2  plus 
TCDD  or  MCDF,  activity  was  not  significantly  decreased  compared  to  that  observed  for  F2 
alone.  These  results  eonfirmed  that  both  DHT  and  F2  activated  gene  expression  in  cells 
transfected  pPB  or  PARR3;  however,  inhibitory  effeets  of  AhR  agonists  were  observed  only  for 
the  former  construct. 

The  unexpectedly  high  AR  agonist  activity  of  E2  compared  to  DHT  in  FNCaP  cells  were 
further  investigated  in  cells  transfected  with  pPB  and  treated  with  hormones  and  antiandrogens 
or  antiestrogens.  Induction  of  luciferase  activity  by  10  nM  DHT  and  F2  in  FNCaP  cells 
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transfected  with  pPB  was  inhibited  in  cells  cotreated  with  the  hormone  plus  10  pM  HPTE,  an 
AR  antagonist  (Fig.  9A).  However,  in  parallel  studies,  the  "pure"  antiestrogen  ICl  182780  also 
significantly  inhibited  E2-induced  activity,  whereas  only  minimal  inhibition  was  observed  in 
ENCaP  cells  treated  with  DHT  plus  ICI  182780.  In  a  parallel  experiment  in  ENCaP  cells 
transfected  with  pARRs,  both  HPTE  and  ICl  182780  inhibited  DHT  and  E2-induced  luciferase 
activity  (Fig.  9B),  whereas  1  pM  fiutamide,  an  AR  antagonist,  caused  only  minimal  decreases  in 
hormone-induced  activity  (Fig.  9C).  HPTE  is  also  an  ERa  agonist  and  ERP  antagonist,  and  the 
results  obtained  for  both  HPTE  and  ICl  182780  suggest  a  possible  role  for  ERp  in  mediating 
activation  of  pPB  and  pARRs.  However,  previous  studies  show  that  endogenous  ERp  is 
insufficient  for  E2-induced  transactivation  in  ENCaP  cells  transfected  with  pERE3,  a  construct 
containing  three  tandem  estrogen  responsive  elements  (ERE3),  suggesting  that  activation  of  pPB 
or  pARR3  is  ERP-independent.  Therefore,  in  order  to  confirm  the  role  of  AR  in  mediating  these 
responses,  we  further  investigated  hormone  activation  of  pPB  and  inhibitory  AhR-AR  crosstalk 
in  ZR-75  cells  which  express  minimal  AR  protein. 
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Figure  9.  Inhibition  of  AR-dependent  transactivation 
by  antiandrogens  and  antiestrogens  in  LNCaP  cells. 
Cells  were  transfected  with  pPB  [A],  pARR3  [B]  or 
pPB  [C],  treated  with  various  compounds,  and 
luciferase  activity  was  determined  as  described  in  the 
Materials  and  Methods.  Significant  (p  <  0.05) 
induction  by  compounds  alone  is  indicated  by  an 
asterisk,  and  significant  (p  <  0.05)  inhibitory  effects 
observed  in  cotreatment  studies  is  also  indicated  (  ** 
).  Results  are  expressed  as  means  +  SE  for  three 
replicate  determinations  for  each  treatment  group. 


Results  in  Figure  lOA  show  that  DHT,  E2,  TCDD  and  MCDF  do  not  activate  reporter 
gene  activity  in  ZR-75  cells  transfected  with  pPB  alone;  however,  both  DHT  and  E2  induced 
luciferase  activity  in  cells  cotransfected  with  pPB  and  hAR  expression  plasmid  (Pig.  lOB). 
Induction  by  E2  was  significant  but  lower  than  observed  for  DHT  in  ZR-75  cells,  and  TCDD 
inhibited  E2  but  not  DHT-induced  activity  in  cells  cotreated  with  hormone  plus  TCDD.  Similar 


results  were  observed  in  duplicate  experiments  confirming  that  E2-dependent  transactivation  of 


pPB  was  AR-dependent.  However,  it  was  also  evident  that  there  were  important  differences 


between  the  interaction  of  TCDD  and  DHT  in  ENCaP  and  ZR-75  cells  since  TCDD  did  not 


inhibit  DHT-induced  luciferase  activity  in  the  latter  cell  line.  This  suggests  that  inhibitory  AhR- 
AR  crosstalk  is  cell  context-dependent  for  the  pPB  promoter. 
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DHT  10  nM  -  +  -  -  +  +  - 
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Figure  10.  Inhibition  of  hormone-induced  transactivation  in  ZR-75  breast  cancer  cells  transfected 
with  pPB.  [A]  Transfection  with  pPB  alone.  ZR-75  cells  were  transfected  with  pPB,  treated  with 
various  compounds  and  luciferase  activity  was  determined  as  described  in  the  Materials  and 
Methods.  No  significant  induction  was  observed  in  any  of  the  treatment  groups.  [B]  Transfection 
with  pPB  and  hAR.  Cells  were  transfected  and  treated  as  described  in  [A]  except  that  500  ng  of  hAR 
expression  plasmid  was  also  transfected.  Significant  (p  <  0.05)  induction  by  compounds  alone  is 
indicated  by  an  asterisk  and  significant  inhibitory  effects  observed  in  cotreatment  studies  is  also 
indicated  ( ** ).  Results  are  expressed  as  means  ±  SE  for  three  replicate  determinations  for  each 
treatment  group. 


Effects  of  Various  Treatments  on  AR,  Cyclin  D1  and  p27  Protein  Levels  in  LNCaP  Cells 

Levels  of  AR  protein  expression  may  influenee  androgen-responsiveness  and  inhibitory 
AhR-AR  erosstalk,  and  the  results  in  Figure  5A  demonstrate  levels  of  immunoreaetive  AR 
protein  in  LNCaP  eells  after  various  treatments.  Preliminary  studies  in  LNCaP  and  other  eell 
lines  indieated  that  any  ehanges  in  AR  expression  were  observed  within  6  -  12  hr  after  treatment 
(data  not  shown)  and  a  6  hr  time  point  was  seleeted  for  this  study.  Treatment  with  10  nM  DHT, 
10  nM  E2  or  DHT  plus  E2  resulted  in  a  signifieant  inerease  in  AR  levels.  In  eontrast,  10  nM 
TCDD  and  2  pM  6-MCDE  alone  did  not  significantly  affect  levels  of  AR  protein;  however,  in 
combination  with  DHT,  there  was  a  significant  decrease  in  AR  levels  compared  to  cells  treated 
with  DHT  alone.  TCDD  in  combination  with  E2  also  decreased  AR  levels  compared  to  those 
observed  in  cells  treated  with  E2  alone.  In  contrast,  levels  of  immunoreaetive  p27  protein  were 
not  significantly  changed  by  any  of  the  treatments,  and  served  as  a  loading  control  for  this 
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experiment.  In  a  separate  study,  the  effeets  of  the  antiandrogen  HPTE  and  the  antiestrogen  ICI 
182780  alone  and  in  eombination  with  E2  or  DHT  on  AR  levels  were  also  determined  (Eig.  1  IB). 
Ten  pM  HPTE  alone  did  not  affect  AR  levels  in  LNCaP  cells,  whereas  ICI  182780  treatment 
increased  AR  levels  compared  to  DMSO  (solvent)  treatment.  Hormone  (E2  or  DHT)-induced 
upregulation  of  AR  protein  was  not  decreased  cotreatment  with  HPTE  or  ICI  182780.  Cyclin  D1 
protein  was  not  significantly  changed  in  this  study  and  served  as  a  loading  control.  These  data 
demonstrate  that  various  treatments  differentially  modulate  AR  protein  levels  in  ENCaP  cells, 
and  current  studies  are  focused  on  the  influence  of  ligand- induced  changes  in  AR  expression  and 
the  magnitude  of  hormone-induced  transactivation. 


Figure  11.  AR  protein  expression  in  LNCaP  ceiis  treated  with  hormones,  AhR  agonists,  antiandrogens  and 
antiestrogens.  [A]  AR  protein  expression  in  ceiis  treated  with  hormones  and  AhR  agonists.  LNCaP  ceiis 
were  treated  with  DHT,  E2,  TCDD,  6-MCDF  and  their  combinations  for  6  h,  and  AR  protein  ieveis  in  whoie 
ceii  iysates  were  determined  by  Western  biot  anaiysis  as  described  in  the  Materiais  and  Methods.  p27 
protein  was  aiso  determined  for  this  experiment;  p27  was  essentiaiiy  unchanged  in  aii  of  the  treatment 
groups  and  serves  as  a  ioading  controi  for  this  experiment.  [B]  AR  protein  expression  in  ceiis  treated  with 
hormones,  antiandrogens  and  antiestrogens.  AR  protein  ieveis  were  determined  essentially  as  described  in 
[A]  and  blots  were  stripped  and  reprobed  with  cyclin  D1  antibodies.  Cyclin  D1  protein  was  unchanged  in  this 
experiment  and  serves  as  a  loading  control.  For  studies  illustrated  in  [A]  and  [B],  significant  (p  <  0.05) 
increases  in  AR  protein  levels  by  individual  compounds  are  indicated  by  an  asterisk,  and  significant  (p  < 
0.05)  decreases  in  the  cotreatment  groups  are  also  indicated  ( ** ).  Results  are  expressed  as  means  ±  SE 
for  three  replicate  determinations  for  each  treatment  group. 
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Dim  and  Ring-Substituted  DIMs:  AR  Agonist  and  Antagonist  Activities  in  Transactivation 
Assays 

Previous  studies  show  that  DIM  exhibits  AR  antagonist  aetivity  in  LNCaP  cells  and 
inhibits  DHT-induced  PSA  protein  and  reporter  gene  activity  in  cells  transfected  with  androgen- 
responsive  constructs  (48).  In  this  study,  the  antiandrogenic  activity  of  DIM  has  been 
investigated  in  LNCaP  and  22Rvl  prostate  cancer  cells  transfected  with  the  androgen-responsive 
pPB  construct  (Fig.  12).  Both  cell  lines  express  mutant  forms  of  the  AR;  however,  DHL 
activates  the  receptor  in  LNCaP  and  22Rvl  cells  (49,  50).  The  results  show  that  DHL  but  not 
DIM  alone  significantly  induced  luciferase  activity  in  LNCaP  and  22Rvl  cells  transfected  with 
pPB.  In  cells  cotreated  with  DHL  plus  DIM  and  transfected  with  pPB,  hormone-induced 
luciferase  activity  was  significantly  decreased  at  DIM  concentrations  of  5,  10  and  20  pM.  These 
results  confirm  that  DIM 
inhibits  activation  of  the 
androgen  responsive  pPB 
construct  by  DHT  in  both 
LNCaP  and  22Rvl  cells  and 
complements  results  of  a 
previous  report  on  the 
antiandrogenic  activity  of  DIM 
(12). 

Ring-substituted  DIMs  also  exhibit  potent  anticancer  activities  (33,  35);  however,  the 
structure-dependent  effects  of  these  compounds  as  antiandrogens  have  not  been  reported.  This 
study  investigates  the  AR  antagonist  and  agonist  activities  of  symmetrical  dihaloDIMs 


DIM  (|iM)  0  5  10  20  0  5  10  20 

DHT  (1  nM)  -  +  -  +  -  +  -  +  -  +  -  +  -  +  -  + 

Figure  12.  Antiandrogenic  activity  of  DIM.  LNCaP  (A)  or  22Rv1  (B)  ceiis 
were  transfected  with  pPB,  treated  with  DHT,  5  -  20  pM  DiM  aione  or  in 
combination  with  DHT,  and  iuciferase  activity  determined  as  described  in 
the  Materiais  and  Methods.  Resuits  are  expressed  as  means  ±  SE  for  at 
ieast  3  determinations  per  treatment  group,  and  significant  (p  <  0.05) 
induction  (*)  or  inhibition  (**)  in  the  cotreatment  groups  are  indicated. 
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containing  substituents  in  the  4,  5,  6,  and  7  positions  of  the  benzene  ring.  The  structure- 
dependent  AR  antagonist/agonist  activities  of  4,4’-,  5,5’-,  6,6’-,  and  7,7’-dichloro- 
and  -dibromoDIMs  were  investigated  in  LNCaP  and  22Rvl  cells  transfeeted  with  the  PB 
construet  (Figs.  13  and  14).  The  dichloro-  and  dibromoDIM  isomers  induce  similar  structure- 
dependent  responses  in  both  cell  lines.  The  results  obtained  for  the  dichloroDIM  isomers  show 
that  4,4’-,  5,5’-,  and  6,6’-diohloroDIM  were  AR  antagonists  in  LNCaP  and  22Rvl  cells  (Figs. 
13A  and  13B),  although  their  AR  antagonist  activity  was  more  pronounced  in  the  latter  cell  line. 
7,7 ’-DichloroDIM  was  a  partial  AR  agonist/antagonist  in  both  cell  lines  (Figs.  13C  and  13D), 
whereas  the  other  isomers  did  not  exhibit  AR  agonist  activities.  The  pattern  of 
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Figure  13.  Antiandrogenic  and  androgenic  activity  of  isomeric  dichioroDiMs  in 
LNCaP  (A,  C)  and  22Rv1  (B,  D)  ceiis.  Ceiis  were  transfected  with  pPB,  treated 
with  DHT,  5  to  20  pM  dichioroDiMs  aione  or  in  combination  with  DHT,  and 
iuciferase  activity  determined  as  described  in  the  Materiais  and  Methods.  Resuits 
are  expressed  as  means  ±  SE  for  at  ieast  3  determinations  per  treatment  group, 
and  significant  (p  <  0.05)  induction  (*)  or  inhibition  {**)  in  the  20  pM  cotreatment 
groups  are  indicated. 
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antiandrogenic/androgenic  activities  for  the  isomerie  diehloroDIMs  (Fig.  14)  was  similar  to  that 
observed  for  the  brominated  analogs  (Fig.  3).  4,4’-,  5,5’-  and  6,6’-DibromoDIM  primarily 
exhibited  antiandrogenie  aetivities  in  LNCaP  and  22Rvl  eells  (Figs.  14A  and  14B),  and  7,7’- 
dibromoDIM  was  a  partial  AR  agonist/antagonist  in  both  eell  lines  (Figs.  14C  and  14D).  In 
addition,  all  of  the  dihaloDIMs  inhibit  LNCaP  eell  proliferation  with  inhibitory  IC50  values  of  1  - 
5  pM  (data  not  shown). 
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Figure  14.  Antiandrogenie  and  androgenic  activity  of  isomeric  dibromoDIMs 
in  LNCaP  (A,  C)  and  22Rv1  (B,  D)  cells.  Cells  were  trans-fected  with  pPB, 
treated  with  DHT,  5  -  20  pM  dibromoDIMs  alone  or  in  combination  with  DHT, 
and  luciferase  activity  determined  as  described  in  the  Materials  and  Methods. 
Results  are  expressed  as  means  ±  SE  for  at  least  three  determinations  per 
treatment  group,  and  significant  (p  <  0.05)  induction  (*)  or  inhibition  (**)  in  the 
20  pM  cotreatment  groups  are  indicated. 


Structure-dependent  Effects  of  Isomeric  DihaloDIMs  on  AR  Protein  Expression 

The  antiandrogenie  aetivity  of  DIM  was  assoeiated  with  inhibition  of  DHT-indueed 
formation  of  nuelear  AR  ;  however,  other  compounds  such  as  tea  polyphenols  and  emodin 
inhibit  androgen  responsiveness  through  downregulation  of  AR  protein  (51,  52).  We  therefore 
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investigated  the  effeets  of  the  diehloroDIM  (Fig.  15  A)  and  dibromoDIM  (Fig.  15B)  isomers  on 
AR  protein  expression  in  LNCaP  eells.  Cells  were  treated  with  different  eoneentrations  of  the 
individual  eompounds  for  24  hr  and  whole  eell  lysates  were  analyzed  for  AR  protein  by  Western 
blot  analysis.  4,4'-  and  5,5'-DiohloroDlM  (up  to  20  |uM)  did  not  affeet  AR  protein  levels; 
however,  AR  protein  expression  was  deereased  by  both  6,6'-  and  7,7'-diohloroDlM.  Results  are 
shown  only  for  15  pM  6,6'-diohloroDIM  due  to  the  high  eytoxieity  of  this  eompound.  Results  in 
Figure  15B  for  the  dibromoDlMs  gave  a  similar  pattern  of  isomer-dependent  responses,  namely 
4,4'-dibromoDlM  had  minimal  effeets  on  levels  of  AR  protein,  whereas  both  6,6'-  and  7,7'- 
dibromoDlM  deereased  AR  levels.  5, 5 '-DibromoDIM  also  deereased  expression  of  AR  protein 
but  only  at  the  20  pM  eoneentration.  These  results  demonstrate  remarkable  differenees  in  the 
effeets  of  4,4'-/5,5'-dihloDlMs  and  6,6'-/7,7'-dihaloDlMs  on  AR  protein  expression  in  LNCaP 
eells,  and  these  differenees  were  further  investigated  using  the  4,4'  and  7,7'-dihaloDlM  as 
prototypes. 
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Figure  15.  Structure-dependent  effects  of  isomeric 
dihaioDiMs  on  AR  protein  ieveis.  LNCaP  ceiis  were 
treated  with  different  concentrations  of  isomeric 
dichioroDiMs  (A)  and  dibromoDiMs  (B)  for  24  hr, 
and  whoie  ceii  iysates  were  anaiyzed  for  AR  and  p- 
actin  (ioading  controi)  protein  by  Western  biot 
anaiysis  as  described  in  the  Materiais  and  Methods. 
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Previous  studies  showed  that  nuelear  levels  of  AR  inereased  after  treatment  of  LNCaP 
eells  with  DHT  for  24  hr,  and  DHT-indueed  nuelear  transloeation  of  AR  was  inhibited  after 
cotreatment  with  DIM  (48).  Figure  16A  summarizes  the  effects  of  20  |uM  4,4'-  and  7,7'- 
dichloroDlM,  20  |uM  DIM  and  10  nM  DHT  on  cytosolic  and  nuclear  AR  levels  after  treatment 
for  1  and  24  hr.  Minimal  changes  in  cytosolic  (c)  and  nuclear  (n)  AR  levels  were  observed  in  all 
treatment  groups  (compared  to  DMSO)  after  1  hr,  and  no  major  changes  in  AR  protein  staining 
in  the  cytosolic  or  nuclear  fractions  were  observed.  In  cells  treated  for  24  hr,  DHT  induced  a 
more  intense  staining  of  AR  in  the  nuclear  fraction  and  enhanced  overall  AR  staining  (c+n) 
compared  to  cells  treated  with  DMSO  alone  (c+n).  This  was  observed  in  replicate  experiments 
and  is  consistent  with  results  of  previous  studies  showing  that  DHT  enhanced  AR  expression  in 
LNCaP  cells  (53,  54).  Both  DIM  and  4,4'-dichloroDIM  alone  also  enhanced  AR  levels  in  both 
the  cytosolic  and  nuclear  fractions;  however,  in  combination  with  DHT,  these  compounds  did 
not  block  DHT-indueed  formation  of  nuclear  AR,  and  this  was  in  contrast  to  a  previous  report 
showing  that  DIM  inhibited  this  response  (48).  In  contrast,  7,7'-dichloroDIM  alone  decreased 
nuclear  and  cytosolic  AR  levels  after  treatment  for  24  hr  and,  in  combination  (DHT  +  7,7'- 
dichloroDIM),  the  DHT-indueed  nuclear  AR  levels  were  only  slightly  decreased.  The  observed 
downregulation  of  AR  protein  in  both  the  cytosolic  and  nuclear  fractions  (Fig.  16A) 
complements  the  results  observed  for  AR  levels  in  whole  cell  lysates  from  cells  treated  with  7,7'- 
dichloroDIM  (Fig.  16A).  Spl  protein  served  as  a  loading  control  for  this  study,  and  the 
identification  of  Spl  only  in  the  nuclear  fraction  confirms  the  efficiency  of  the  separation  of 
nuclear  and  cytosolic  fractions. 
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Figure  16.  Cytosolic  (c)  and  nuclear  (n)  AR 
protein  in  LNCaP  cells  treated  with  DIM  and 
dihaloDIMs.  (A)  Treatment  with  DIM,  4,4'-  and 
7,7’-dichloro-DIM.  Cells  were  treated  with  DMSO, 
DHT,  4,4'-  and  7,7'-dichloroDIM  or  DIM  alone  or  in 
combination  with  DHT  for  1  or  24  hr,  and  cytosolic 
or  nuclear  fractions  were  obtained  and  analyzed 
by  Western  blot  analysis  as  described  in  the 
Materials  and  Methods.  The  nuclear  Spi  protein 
was  determined  as  a  loading  control  and  to 
determine  the  efficiency  of  the  isolation  of  the 
cytosolic  and  nuclear  fractions.  (B)  Treatment 
with  DIM,  4,4'-  and  7,7'-dibromoDIM.  Cells  treated 
with  DMSO,  DHT,  4,4'  or  7,7'-dibromoDIM  alone 
or  in  combination  with  DHT  for  48  hr,  and  nuclear 
and  cytosolic  fractions  were  analyzed  by  Western 
blot  analysis  as  described  in  the  Materials  and 
Methods.  Nuclear  Spi  protein  serves  as  a  control 
for  determining  the  efficiency  of  the  isolated 
cytosolic  and  nuclear  fractions. 


In  t’wo  separate  experiments  (1  and  24  hr),  the  effects  of  DMSO,  DHT,  4,4'-  and  7,7'- 
dibromoDIM  on  AR  levels  were  determined  in  LNCaP  cells  (Fig.  16B).  The  pattern  of  effects 
for  the  dibromoDIMs  alone,  and  in  combination  with  DHT  was  similar  to  those  observed  for  the 
dichloroDIM  isomers.  DHT  and  4,4'-dibromoDIM  induced  a  time-dependent  increase  in  AR 
levels  (compared  to  DMSO).  Interaction  of  4,4'-dibromoDIM  with  DHT  decreased  the  ratio  of 
nuclear/cytosolic  levels  of  AR;  however,  this  could  be  an  additive  effect  since  the  former 
compounds  alone  induced  higher  cytosolic  AR  levels.  In  contrast,  cytosolic  and  nuclear  AR 
protein  levels  were  decreased  after  treatment  with  7,7'-dibromoDIM  alone  for  24  hr.  In  cells 
cotreated  with  7,7'-dibromoDIM  plus  DHT,  AR  levels  and  their  distribution  were  similar  to  those 
observed  for  DHT  alone.  Both  7,7'-dibromo-  and  7,7'-dichloroDIM  appeared  to  induce  a  time- 
dependent  decrease  in  AR  protein,  whereas  DHT,  DIM  and  4,4'-dichloro-,  and  4,4'-dibromoDIM 
increased  or  stabilized  AR  protein  in  LNCaP  cells.  This  was  further  investigated  in  LNCaP  cells 
treated  for  48  hr  with  DHT,  4,4'-  and  7,7'-dihaloDIMs  followed  by  Western  blot  analysis  of 
whole  cell  lysates.  Results  in  Figure  17A  confirm  that  7,7'-dichloro-  and  7,7'-dibromoDIM 
decreased  AR  protein  expression  (compared  to  DHT),  whereas  AR  levels  after  treatment  with 
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the  corresponding  4,4'-dihaloDIMs  (Fig.  17B)  were  significantly  higher  than  observed  in  cells 
treated  with  the  7,7'-dihaloDIMs  (Fig.  17A).  We  also  observed  that  Spl  protein  was  also  slightly 
decreased  only  after  prolonged  treatment  with  the  7,7'-dihaloDIMs. 
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Figure  17.  Effects  of  4,4’-  or  7,7’-dihaloDIM  on  AR  expression  and  androgen  responsiveness 
Effects  of  7,7’-dihaioDiMs  (A)  and  4,4’-dihaloDiMs  (B)  on  AR  protein  ieveis.  LNCaP  celis 
were  treated  with  DMSO, 10  nM  DHT,  20  pM  dihaloDiMs  for  48  hr,  and  whoie  ceii  iysates 
were  analyzed  by  Western  blot  analysis  as  described  in  Materials  and  Methods.  AR,  b-actin 
(loading  control)  and  Spl  protein  were  determined.  (C)  Effects  of  proteasome  inhibitors  on 
AR  protein  levels.  LNCaP  cells  were  treated  with  20  pM  7,7’-dichloro-  or  7,7’-dibromo  DIM 
alone  or  in  combination  with  the  proteasome  inhibitor  gliotoxin  (3  pM)  or  MG132  (10  pM)  for 
48  hr,  and  AR  protein  levels  were  determined  by  Western  blot  analysis  as  described  in 
Materials  and  Methods.  p-Actin  served  as  a  loading  control.  (D)  Time-dependent  effects  of 
7,7’-dihaloDIMs  on  AR  mRNA  protein  levels.  LNCaP  cells  were  treated  with  7,7’-dihaloDIMs 
for  24  hr,  and  AR  mRNA  was  determined  by  real-time  PCR  as  described  in  the  Materials  and 
Methods.  The  experiments  were  carried  out  in  triplicate.  Results  are  expressed  as  means  ± 
SE,  and  significantly  (p  <  0.05)  decreased  AR  mRNA  is  indicated  by  an  asterisk.  TBP  mRNA 
was  also  determined  and  used  to  normalize  the  AF  mRNA  levels. 
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Effects  of  DihaloDIM  Isomers  on  AR  Protein  and  mRNA  Levels  and  Their  Antiandrogenic 
Activities  in  LNCaP  Cells 

The  potential  role  of  proteasome  aetivation  in  mediating  downregulation  of  AR  was 
investigated.  LNCaP  eells  were  treated  with  7,7'-dihaloDIMs  for  48  hr  in  the  presenee  or 
absenee  of  the  proteasome  inhibitors  gliotoxin  or  MG132  (Fig.  17C).  Western  blot  analysis  of 
whole  eell  lysates  showed  that  7,7'-diehloro-  and  7,7'-dibromoDIM  signifieantly  deereased  AR 
protein  eompared  to  levels  observed  in  solvent-treated  eells,  and  eotreatment  with  the 
proteasome  inhibitors  further  inereased  AR  degradation.  The  proteasome  inhibitors  alone  also 
deereased  AR  protein,  whereas  4,4'-diehloro-  and  4,4'-dibromoDIM  did  not  affeet  AR  protein. 
The  data  indieated  that  deereased  AR  protein  in  LNCaP  eells  treated  with  7,7'-dihaloDIMs  is  not 
due  to  aetivation  of  the  proteasome  pathway.  The  time-dependent  effeets  of  7,7'-dihaloDIMs  on 
AR  mRNA  levels  was  determined  (Fig.  17D),  and  the  results  show  that  mRNA  levels  are 
signifieantly  deereased  within  24  and  48  hr  (data  not  shown).  We  also  investigated  the  effeets  of 
7,7'-diohloroDIM  on  AR  mRNA  stability  by  pretreating  eells  with  DMSO  or  20  pM  7,7'- 
diehloroDIM  for  12  hr  prior  addition  of  aetinomyein  D.  The  results  showed  an  initial  6  -  12  hr 
inerease  in  AR  mRNA  levels  after  addition  of  aetinomyein  D;  however,  the  subsequent  rates  of 
degradation  of  AR  mRNA  in  the  DMSO  and  7,7'-diehloroDIM  treatment  groups  were 
eomparable  (data  not  shown).  These  data  indieate  that  7,7'-dihaloDIMs  deerease  both 
transeriptional  and  translational  regulation  of  the  AR. 

Results  of  transient  transfeetion  studies  showed  that  both  7,7'-dibromo-  and  7,7'- 
diehloroDIM  were  partial  AR  agonists  and  AR  antagonists  (Figs.  13  and  14),  and  the  former  was 
observed  after  treatment  for  36  hr.  This  AR  agonist  aetivity  of  7,7'-dihaloDIMs  is  ineonsistent 
with  their  effeets  on  AR  and  it  is  possible  that  7,7'-dihaloDIM-indueed  androgenie  aetivity  after 
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36  hr  (Figs.  13  and  14)  may  be  due  to  the  relatively  slow  rate  of  AR  degradation.  We  therefore 
investigated  the  time-dependent  effeets  of  7,7'-dihaloDlMs  on  androgen-responsiveness  in 
LNCaP  eells  transfeeted  with  pPB  (for  9  hr),  and  then  treated  with  different  coneentrations  of 
7,7'-dihaloDlMs  for  24,  36  or  48  hr  (Fig.  18A).  The  results  indieated  that  after  36  hr,  5-20  pM 
7,7’-diehloroDlM  signifieantly  indueed  lueiferase  activity;  however,  this  response  was 
significantly  decreased  after  treatment  for  24  or  48  hr  and  similar  results  were  observed  for  7,7'- 
dibromoDlM  (data  not  shown).  The  decreased  AR  agonist  activity  of  7,7'-dichloroDlM  after  48 
hr  is  consistent  with  the  effects  of  this  compound  on  AR  protein  degradation  (Fig.  17A). 
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Figure  18.  AR  agonist/antagonist  activities  of  dihaioDiMs.  (A)  Time- 
dependent  effects  of  7,7’-dichioroDiM  on  transactivation.  LNCaP 
ceiis  were  transfected  with  pPB  and,  after  9  hr,  were  treated  with 
7,7’-dichloroDIM  (5  -  20  pM)  for  24,  36  and  48  hr,  and  iuciferase 
activity  was  determined  as  described  in  Materiais  and  Methods. 
Resuits  are  expressed  as  means  ±  SE  for  at  ieast  3  determinations 
for  each  treatment  group  and  significant  (p  <  0.05)  induction  (*)  is 
indicated.  (B)  Reguiation  of  FKBP51  protein  expression.  LNCaP 
ceiis  were  treated  with  DMSO,  10  nM  DHT,  4,4’-dichioro-  or  4,4’- 
dibromoDiM  aione  or  in  combination  with  DHT  for  48  hr,  and  whole 
cell  lysates  were  analyzed  by  Western  blot  analysis  for  FKBP  and  p- 
actin  (loading  control)  as  described  in  Materials  and  Methods. 
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A  recent  study  identified  a  51  kDa  progesterone  receptor-associated  immunophilin, 
FKBP51,  as  an  androgen-responsive  gene  in  prostate  cancer  cells  (55),  and  the  effects  of  4,4'- 
dichloro-  and  4,4'-dibromoDlM  alone  and  in  combination  with  DHT  were  investigated  in  LNCaP 
cells  48  hr  after  treatment  (Fig.  18B).  DHT  alone  enhanced  FKBP51  protein  expression, 
whereas  4,4'-dichloro-  and  4,4'-dibromoDlM  did  not  affect  levels  of  FKBP5 1 .  In  cells  cotreated 
with  DHT  plus  4,4'-dichloro-  or  4,4'-dibromoDlM,  the  hormone-induced  response  was  inhibited 
by  both  DIM  compounds  and  this  was  consistent  with  their  antiandrogenic  activity  in 
transactivation  assays  (Figs.  13  and  14).  Minimal  induction  of  FKBP51  was  observed  after 
treatment  with  7,7'-dichloro-  or  7,7'-dibromoDlM  (data  not  shown)  and  this  may  be  due,  in  part, 
to  the  low  levels  of  AR  expression  in  LNCaP  cells  treatment  with  these  compounds  for  48  hr.  In 
summary,  these  results  indicate  that  ring-substituted  DlMs  and  DIM  differentially  modulate 
androgenic  responses  in  prostate  cancer  cells  and  subtle  changes  in  the  position  of  the  ring 
substituents  of  the  dihaloDlMs  (i.e.  4  vs.  7)  can  modulate  their  mechanisms  of  antiandrogenic 
action  and  effects  on  AR  expression. 


KEY  RESEARCH  OUTCOMES 

•  22RV1  prostate  cancer  cells  have  been  identified  as  Ah-responsive. 

•  PCS  prostate  cancer  cells  are  also  Ah-responsive  but  this  is  dependent  on  a  lag  time  for 
activation  of  CYPlAl -dependent  activity. 

•  SAhRMs  inhibit  growth  of  both  22RV1  and  PCS  prostate  cancer  cells. 

•  Growth  of  LNCaP  prostate  cancer  cells  is  inhibited  by  TCDD  and  6-MCDF. 

•  DHT  induces  upregulation  of  AR  protein  in  22RV1  and  LNCaP  cells. 


•  E2  and  TCDD  do  not  affect  AR  protein  expression  in  22RV1  cells. 
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•  TCDD  partially  blocks  DHT-dependent  upregulation  of  AR  protein  in  22RV1  cells. 

•  Inhibitory  AhR-AR  crosstalk  was  observed  in  LNCaP  cells  transfected  with  a  construct 
(pPB)  containing  the  androgen-responsive  probasin  promoter  (-288  to  +28). 

•  E2  was  a  potent  androgen  in  LNCaP  cells. 

•  E2  and  DHT  stabilized  AR  protein  levels. 

•  AhR  agonists  partially  inhibited  stabilization  of  AR  protein. 

•  Ring-substituted  DIMs  exhibit  both  antiandrogenic  and  androgenic  activities  in  prostate 
cancer  cells. 

•  These  compounds  also  inhibit  cell  growth  at  concentrations  ranging  from  1-5  pM  (IC50 
values)  (data  not  shown). 

•  Among  the  dihaloDIMs,  there  was  a  structure-dependent  effect  on  their  degradation  of  the 
AR;  7,7'-dichloro-  and  7,7'-dibromoDIM  induced  downregulation  of  AR  protein,  whereas  the 
4,4'-dihaloDIMs  did  not  induce  this  response. 

•  The  structure-dependent  effects  of  the  isomeric  ring-substituted  DIMs  provides  at  least  two 
mechanism-based  classes  of  compounds  that  block  prostate  cancer  cell  growth  through  AR- 
dependent  and  -  independent  pathways. 

REPORTABLE  OUTCOMES 

Safe,  S.  and  McDougal,  A.  Mechanism  of  action  and  development  of  selective  aryl  hydrocarbon 
receptor  modulators  for  treatment  of  hormone-dependent  cancers.  Int.  J.  Oncol. 
20:1123-1128,2002. 

Morrow,  D.,  McDougal,  A.  and  Safe,  S.  Comparative  aryl  hydrocarbon  receptor-hormone 
receptor  crosstalk  in  breast  and  prostate  cancer  cells.  Society  of  Toxicology  Annual 
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Meeting,  Nashville,  TN.  March,  2002.  Abstract  #LB3 1 . 

Morrow,  D.,  Qin,  C.,  Smith  III,  R.  and  Safe,  S.  Aryl  hydrocarbon  receptor-mediated  inhibition 
of  LNCaP  prostate  cancer  cell  growth  and  hormone-induced  transactivation.  J.  Steroid 
Biochem.  Mol.  Biol.  88:27-36,  2004. 

Morrow,  D.  and  Safe,  S.  Aryl  hydrocarbon  receptor  agonists  inhibit  hormone-induced 
transactivation  in  prostate  cancer  cells.  Society  of  Toxicology  Annual  Meeting,  Salt 
Lake  City,  UT,  2003.  Abstract  #1785. 

Morrow,  D.  and  Safe,  S.  Inhibitory  aryl  hydrocarbon  receptor-androgen  receptor  crosstalk  in 
22Rvl  cells.  Manuscript  in  preparation. 

Kotha,  L.  and  Safe,  S.  Structure-dependent  androgen  receptor  agonist/antagonist  activities  and 
AR  downregulation  by  dichloro-  and  dibromo-substituted  l,l-bis(3'-indolyl)methanes. 
Mol.  Carcinog.  submitted,  2006. 

CONCLUSIONS 

Initial  studies  have  demonstrated  that  PC3,  22RV1  and  LNCaP  prostate  cancer  cells  are 
Ah-responsive,  and  SAhRMs  inhibit  growth  of  these  cells.  TCDD  also  inhibits  DHT-induced 
AR  protein  expression  in  22RV1  cells.  Similar  results  were  obtained  with  the  selective  AhR 
modulator  6-methyl- 1, 3, 8-trichlorodibenzofuran  (6-MCDF);  however,  TCDD  but  not  6-MCDF 
induced  degradation  of  the  AhR  protein.  TCDD  and  6-MCDF  inhibited  growth  of  LNCaP  cells, 
and  inhibitory  AhR-androgen  receptor  (AR)  crosstalk  was  investigated  in  cells  transfected  with 
constructs  containing  the  androgen-responsive  probasin  promoter  (-288  to  +28)  (pPB)  or  three 
copies  of  the  -244  to  -96  region  of  this  promoter  (pARRs).  Ten  nM  dihydro  testosterone  (DHT) 
and  17P-estradiol  (E2)  induced  transactivation  in  LNCaP  cells  transfected  with  pPB  or  PARR3; 
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however,  inhibitory  AhR-AR  crosstalk  was  observed  only  with  the  latter  construct.  6-MCDF 
and  TCDD  did  not  inhibit  DHT-  or  E2-induced  transactivation  in  ZR-75  human  breast  cancer 
cells,  indicating  that  these  interactions  were  promoter  and  cell  context-dependent.  Both  E2  and 
DHT  stabilized  AR  protein  in  ENCaP  cells;  however,  cotreatment  with  TCDD  or  6-MCDE 
decreased  AR  protein  levels.  These  results  indicate  that  inhibitory  AhR-AR  crosstalk  in  prostate 
cancer  cells  is  complex  and  for  some  responses,  AR  protein  stability  may  play  a  role. 

Previous  studies  showed  that  DIM  and  ring-substituted  DIMs  are  AhR  agonists  and  DIM 
also  exhibits  antiandrogenic  activity.  Ongoing  studies  in  the  laboratory  suggest  that  the  growth 
inhibitory/proapoptotic  effects  of  these  compounds  in  breast  cancer  cells  is  AhR-independent. 
Results  of  this  study  do  not  exclude  a  role  for  the  AhR  in  mediating  responses;  however,  the 
unique  and  novel  effects  of  ring-substituted  DIMs  in  prostate  cancer  cells  probably  involves  their 
direct  effects  on  the  AR  and  other  subcellular  targets.  This  study  reports  the  structure-dependent 
androgenic/antiandrogenic  activity  of  several  symmetrical  dichloro-  and  dibromoDIM  isomers. 
Initial  transactivation  studies  in  ENCaP  and  22Rvl  cells  transfected  with  an  androgen  responsive 
construct  (pPB)  containing  a  probasin  promoter  insert  showed  that  both  7,7'-dichloro-  and  7,7'- 
dibromoDIMs  exhibited  partial  androgenic  activity.  Most  of  the  other  isomeric  substituted  DIMs, 
including  4,4'-dichloroDIM  and  4,4'-dibromoDIM,  exhibited  antiandrogenic  activity  in  the 
transactivation  assay.  Structure-dependent  differences  were  also  observed  for  the  effects  of  4,4'- 
and  7,7'-dihaloDIMs  on  AR  expression  in  ENCaP  cells.  Eike  DIM,  4,4’-dichloroDIM  and  4,4'- 
dibromoDIM  did  not  affect  AR  protein  levels  for  up  to  48  hr  and  inhibited  dihydrotestosterone 
(DHT)-induced  responses  without  affecting  cytosolic  or  nuclear  AR  distribution.  In  contrast,  the 
AR  agonist  activity  of  7,7'-dihaloDIMs  was  significantly  decreased  after  48  hr,  and  this  was  due 
to  decreased  AR  mRNA  and  AR  protein  levels,  and  the  latter  response  was  proteasome- 
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independent.  Results  of  this  study  demonstrate  that  the  antiandrogenie  aetivity  of  symmetrieal 
dihaloDIMs  was  strueture-dependent  and  the  7,7'-dihaloDIMs  exhibited  partial  AR  agonist 
aetivity,  whereas  4,4'-,  5,5'-  and  6,6'-dihaloDIMs  and  DIM  were  antiandrogens  in  transaetivation 
assays.  The  meehanisms  of  aetion  of  ring-substituted  DIMs  were  also  strueture-dependent  sinee 
4,4'-  and  5,5'-dihaloDIMs  and  DIM  did  not  affeet  AR  expression,  and  6,6'-  and  7,7'-dihaloDIMs 
indueed  degradation  of  AR  protein  and  AR  mRNA  levels. 

In  summary,  results  of  this  study  eonfirm  that  DIM  and  several  symmetrieal  ring- 
substituted  DIM  eongeners  exhibit  antiandrogenie  aetivity.  In  addition,  some  isomers,  notably 
7,7'-diohloro-  and  7,7'-dibromoDIM  also  exhibit  partial  time-dependent  androgenie  aetivity  in 
transfeetion  assays,  and  these  results  illustrate  that  subtle  ehanges  in  the  phenyl  ring  substitution 
pattern  have  marked  effeets  on  the  androgenie  aetivity  of  the  dihaloDIMs.  At  the  eoneentrations 
used  in  this  study,  the  antiandrogenie  aetivity  of  the  4,4'-dihaloDIMs  was  not  related  to 
inhibition  of  DHT-indueed  nuelear  transloeation  of  AR.  Our  results  suggest  that  the 
antiandrogenie  aetivity  of  DIM  and  4,4'-dihaloDIMs  may  be  eomplex  and  involve  multiple 
pathways  ineluding  inhibition  of  nuelear  AR-dependent  transaetivation.  We  also  observed  that 
6,6'-dihaloDIMs  and  7,7'-dihaloDIMs  deereased  AR  expression  in  LNCaP  eells,  and  eurrent 
studies  are  investigating  the  potential  elinieal  importanee  of  these  and  other  effeets  of  ring- 
substituted  DIMs  on  the  growth  of  prostate  eaneer  eells/tumors  in  both  in  vitro  and  in  vivo 
models. 
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Abstract.  Ligand-activated  receptors  are  extensively  used  as 
targets  for  developing  tissue-selective  drugs  for  treatment  of 
multiple  diseases  including  cancers.  The  aryl  hydrocarbon 
receptor  (AhR)  is  a  basic  helix-loop-helix  transcription 
factor  that  binds  both  synthetic  chemicals  such  as  2,3, 7,8- 
tetrachlorodibenzo-p-dioxin  (TCDD)  and  naturally-occurring 
phytochemicals,  sterols  and  heme  breakdown  products.  The 
high  affinity  ligand  TCDD  induces  several  AhR-mediated 
changes  in  gene  expression,  tissue/species-specific  toxicities, 
and  both  tumorigenic  and  anticarcinogenic  responses  including 
inhibition  of  estrogen-dependent  mammary  and  uterine 
tumor  formation  and  growth.  Research  in  this  laboratory  has 
demonstrated  that  TCDD  inhibits  E2-induced  responses  in 
the  rodent  uterus  and  mammary  tumors  (growth  inhibition) 
and  in  breast  and  endometrial  cancer  cell  lines  through  complex 
inhibitory  AhR-estrogen  receptor  (ER)  crosstalk.  6-Alkyl- 
1,3,8-trichlorodibenzofurans  and  substituted  diindolyl- 
methanes  represent  two  structural  classes  of  selective  AhR 
modulators  (SAhRMs).  These  compounds  are  relatively  non¬ 
toxic  and  inhibit  ER-positive  and  ER-negative  mammary 
tumor  growth,  and  synergize  with  tamoxifen  to  inhibit  breast 
cancer  growth  and  block  tamoxifen-induced  estrogenic 
activity  in  the  uterus.  Preliminary  studies  also  indicate  that 
SAhRMs  inhibit  prostate  cancer  cell  growth,  and  there  is 
evidence  for  inhibitory  AhR-androgen  receptor  crosstalk. 
SAhRMs  represent  a  novel  class  of  drugs  for  treatment  of 
hormone-dependent  cancers,  and  combined  therapies  of 
SAhRMs  with  tamoxifen  and  other  selective  ER  modulators 
(SERMs)  provides  a  new  approach  for  treating  women  with 
breast  cancer. 
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1.  Introduction 

The  aryl  hydrocarbon  receptor  (AhR)  is  a  member  of  the  basic 
helix-loop-helix  family  of  nuclear  transcription  factors,  and 
this  receptor  was  initially  identified  by  its  high  affinity  binding 
to  the  environmental  toxicant,  2,3,7,8-tetrachlorodibenzo- 
p-dioxin  (TCDD)  (1,2).  TCDD  and  structurally-related 
halogenated  aromatics  modulate  expression  of  multiple  genes 
which  play  a  role  in  the  species-,  sex-  and  age-specific  toxic, 
genotoxic  and  anticarcinogenic  responses  associated  with 
exposure  of  laboratory  animals  to  these  compounds  (2-6). 
The  endogenous  ligand  for  the  AhR  is  unknown;  however, 
several  reports  have  now  demonstrated  that  this  receptor 
binds  structurally-diverse  synthetic  chemicals  as  well  as 
aromatic  amines  in  cooked  foods,  phytochemicals  including 
indole-3 -carbinol  (I3C)  and  related  indole -derived  compounds, 
carotenoids,  flavonoids,  steroidal  compounds,  and  bilirubin 
(Fig.  1)  (7-14).  Interestingly,  steroid  hormone  receptors  and 
other  ligand-activated  nuclear  receptors  also  bind  different 
structural  classes  of  chemicals  and  many  of  these  receptors 
are  targets  for  developing  drugs  that  selectively  ameliorate 
one  or  more  receptor-mediated  responses.  For  example, 
selective  estrogen  receptor  (ER)  modulators  have  been 
developed  as  both  tissue-specific  ER  agonists  and  antagonists 
for  treating  breast  cancer  and  various  postmenopausal 
symptoms  in  women  (15).  Since  the  ligand-activated  AhR 
modulates  diverse  genes/responses,  this  receptor  is  an  excellent 
target  for  drug  development.  For  example,  TCDD  inhibits 
spontaneous  176-estradiol  (E2)-induced  mammary  and 
uterine  tumor  formation  in  Sprague-Dawley  rats  suggesting 
that  TCDD  exhibits  antiestrogenic  activity.  Research  in  our 
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Figure  1.  Structurally  diverse  compounds  that  bind  the  Ah  receptor  including  the  SAhRMs  6-MCDF  and  DIM. 


laboratory  has  focused  on  studying  the  mechanisms  of 
inhibitory  AhR-ER  crosstalk  (3,16-18)  and  developing 
selective  AhR  modulators  (SAhRMs)  for  treating  breast  and 
endometrial  cancers  (19,20). 

2.  Inhibitory  AhR-ERa  crosstalk;  in  vivo 

The  antiestrogenic/antitumorigenic  activity  of  TCDD  observed 
in  female  Sprague-Dawley  rats  stimulated  in  vivo  and  in  vitro 
studies  to  determine  the  specificity  of  this  response  (reviewed 
in  refs.  13,16-20).  The  immature  and/or  ovariectomized 
female  rat  and  mouse  uterus  has  been  used  as  a  model,  and 
TCDD  inhibited  several  E2-induced  uterine  responses 
including  progesterone  receptor  (PR)  binding,  uterine  wet 
weight,  peroxidase  activity,  c-fos  and  epidermal  growth 
factor  receptor  (EGER)  mRNA  levels,  and  EGER  binding. 
Similar  results  were  obtained  for  the  growth  of  E2-dependent 
mammary  tumors  in  carcinogen-induced  Sprague-Dawley 
rats  and  athymic  nude  mice  bearing  breast  cancer  cell 
xenografts.  Recent  studies  (21)  also  show  that  women 
accidentally  exposed  to  TCDD  in  Seveso,  Italy  in  1976 
exhibit  decreased  rates  of  breast  and  endometrial  cancer,  and 
these  observations  in  humans  parallel  the  effects  of  TCDD  in 
rodents. 

3.  Inhibitory  AhR-ERa  crosstalk:  in  vitro 

The  interactions  of  the  AhR  and  ER  signaling  pathways  have 
been  investigated  in  several  ER-positive  breast  and  endometrial 
cancer  cell  lines,  and  these  include  MCE7,  ZR-75  and  T47D 
breast  cancer  cell  lines  and  Ishikawa,  HECIA  and  ECC-1 
endometrial  cancer  cells.  All  of  these  cell  lines  express  the 
AhR,  and  AhR  agonists  such  as  TCDD  induce  CYPlAl  gene 
expression,  a  highly  characteristic  Ah-responsive  gene  in  cell 


culture  and  animal  models.  In  addition,  TCDD  and  related 
compounds  also  inhibited  E2-induced  breast  and  endometrial 
cancer  cell  proliferation  (22-25).  Subsequent  studies  have 
demonstrated  that  AhR  agonists  inhibit  several  E2-induced 
responses  at  the  gene,  protein  and  reporter  gene  level  using 
constructs  containing  E2-responsive  gene  promoter  inserts. 
Eor  example,  in  MCP-7  human  breast  cancer  cells,  TCDD 
inhibits  E2-induced  PR,  pS2,  cathepsin  D  mRNA  and  protein 
levels,  c-fos  and  prolactin  mRNA  levels,  cyclin  D1  protein, 
retinoblastoma  (Rb)  protein  phosphorylation,  glucose 
metabolism,  and  plasminogen  activator  activity.  A  major 
pathway  for  AhR-mediated  inhibition  of  E2-induced  MCP-7 
cell  proliferation  is  linked  to  the  selective  inhibition  of 
critical  E2-induced  cell  cycle  regulatory  proteins  such  as 
cyclin  Dl,  Rb  phosphorylation  and  E2P1  (Pig.  2),  and  these 
inhibitory  responses  block  E2-induced  G;  >8  phase  cell  cycle 
progression  (26). 

Inhibitory  AhR-ER  crosstalk  is  observed  not  only  in 
breast  cancer  cells,  but  also  in  E2-responsive  endometrial  and 
ovarian  cancer  cells  where  TCDD  inhibits  E2-induced  cell 
proliferation  (24,25,27).  The  mechanisms  associated  with  the 
effects  of  AhR  agonists  on  hormone-induced  cell  proliferation 
have  primarily  been  investigated  in  breast  cancer  cell  lines 
(see  below);  however,  it  is  likely  that  interactions  between 
AhR-ER  signaling  pathways  are  comparable  in  breast, 
endometrial  and  ovarian  cell  lines. 

4.  Mechanisms  of  AhR-ER  crosstalk 

Results  of  initial  studies  in  this  laboratory  showed  that  TCDD 
inhibited  E2-induced  expression  of  multiple  genes  and  similar 
results  were  observed  in  transient  transfection  studies  using 
constructs  containing  E2-responsive  gene  promoter  inserts. 
These  results  suggested  that  the  ligand-bound  AhR  disrupted 
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Figure  2.  Interactions  of  E2  and  TCDD  on  cell  cycle  progression  in  MCF-7 
human  breast  cancer  cells  (26). 
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Figure  3.  Inhibitory  AhR-ERa  crosstalk.  Inhibitory  responses  are  gene- 
specific  and  may  involve  direct  interactions  with  iDREs  (28-32),  proteasome- 
dependent  degradation  of  ERa  (33),  or  induction  of  inhibitory  transcription 
factors  (TFs). 


a  promoter-  and  E2-dependent  transcriptionally-active 
complex.  This  type  of  inhibitory  crosstalk  could  occur  via 
several  pathways  including  AhR-dependent  induction  or 
inhibition  of  a  critical  factor  involved  in  hormone-induced 
transactivation,  direct  interaction  of  the  AhR  with  critical 
frans-acting  factors  or  associated  proteins,  and  interaction  of 
the  AhR  with  critical  cA-acting  elements  (Fig.  3).  Analysis  of 
the  E2-responsive  cathepsin  D,  c-fos,  pS2  and  heat  shock 
protein  27  gene  promoters  have  identified  pentanucleotide 
GCGTG  sequences  which  are  required  for  inhibitory  AhR- 
ER  crosstalk  (28-32),  and  these  motifs  weakly  bind  the  AhR 
complex  and  correspond  to  the  core  of  a  dioxin  response 
element  (DRE).  Inhibitory  DREs  (iDRE)  are  strategically 
located  within  gene  promoters  and  block  formation  of  a 
transcriptionally-active  complex.  For  example,  binding  of  the 
AhR  complex  to  the  upstream  iDRE  in  the  cathepsin  D  gene 
promoter  (-175  to  -181)  disrupts  formation  of  the  ER/Spl 
complex  which  is  also  formed  in  the  same  region  of  the 
promoter  (-199  to  -165).  Results  of  more  recent  studies 
demonstrate  that  several  constructs  containing  E2-responsive 
gene  promoter  (e.g.  retinoic  acid  receptor  al)  inserts  are 
also  inhibited  by  AhR  agonists  in  transient  transfection 
studies,  and  these  promoters  do  not  contain  functional 
iDREs.  Currently,  we  are  investigating  other  mechanisms 
including  the  role  of  AhR-activated  proteasome-dependent 
degradation  of  the  ER  (33)  and  sequestration  of  the  ER 
through  direct  AhR-ER  interactions. 

5.  Selective  AhR  modulators  (SAhRMs)  for  treatment  of 
ER-positive  breast  cancer 

The  environmental  toxicant  TCDD  has  been  routinely  used 
as  a  prototype  for  investigating  AhR-mediated  responses 
including  inhibitory  AhR-ER  interactions  in  the  rodent  uterus 
and  mammary  tumors  and  in  breast/endometrial  cancer  cells. 
Alternate  substituted  6-alkyl-l,3,8-trichlorodibenzofurans 
were  initially  characterized  as  AhR  antagonists  which 
exhibited  low  toxicity,  and  in  combination  with  TCDD, 
one  of  these  analogs  [6-methyl- 1, 3, 8-trichlorodibenzofuran 
(6-MCDF)]  (Fig.  1)  inhibited  TCDD-induced  CYPlAl  gene 


expression,  immunotoxicity,  hepatic  porphyria,  and  cleft 
palate  in  mice  (34-37).  However,  6-MCDF  and  related 
compounds  were  agonists  for  inhibitory  AhR-ER  crosstalk  in 
both  in  vitro  and  in  vivo  models  (38-41).  For  example,  6- 
MCDF  inhibits  carcinogen-induced  mammary  tumor  growth 
in  female  Sprague-Dawley  at  doses  as  low  as  50  pg/kg  per 
day  (42,43).  Moreover,  in  ovariectomized  female  rats  of  a 
comparable  age,  6-MCDF  inhibited  tamoxifen-induced 
estrogenic  responses  in  the  uterus  (e.g.  peroxidase  activity, 
progesterone  receptor  binding)  but  did  not  affect  the  ER 
agonist  effects  of  tamoxifen  on  bone  growth  (43).  These 
results,  coupled  with  the  observed  inhibitory  AhR-ER 
crosstalk  in  endometrial  cancer  cells  suggest  that  combined 
therapy  with  SAhRMs,  such  as  6-MCDF  plus  tamoxifen,  will 
be  highly  effective  for  treating  mammary  cancer  and  also 
protecting  against  tamoxifen-induced  estrogenic  responses  in 
the  uterus.  This  latter  interaction  is  important  since  long-term 
treatment  with  tamoxifen  is  associated  with  an  increased 
incidence  of  endometrial  cancer  (44).  We  have  also 
investigated  the  AhR  agonist  activities  of  diindolylmethane 
(DIM)  (Fig.  1)  and  a  series  of  dihalo-  and  dialkylDIM 
analogs  (45-47).  These  compounds  bind  the  AhR  and 
exhibit  some  of  the  agonist/antagonist  activities  observed 
for  6-MCDF.  Moreover,  in  rodent  models  for  mammary 
carcinogenesis,  many  of  the  DIM  compounds  were  potent 
inhibitors  of  mammary  tumor  growth. 

6.  SAhRMs  for  treatment  of  ER-negative  breast  cancer 

The  AhR  is  expressed  in  ER-positive  and  -negative  breast 
cancer  cell  lines  and  in  human  mammary  tumors;  however, 
initial  studies  indicated  that  the  AhR  was  not  functional  in 
ER-negative  cell  lines  and  the  diagnostic  induction  of 
CYPlAl -dependent  activity  by  TCDD  was  not  observed 
(48,49).  This  failure  to  observe  induction  could  be  overcome 
by  transient  overexpression  of  ERa  (50,51),  and  a  recent 
study  suggested  that  Ah  non-responsiveness  in  ER-negative 
MDA-MB-231  cells  may  be  linked  to  overexpression  of  heat 
shock  protein  90  which  sequesters  and  inactivates  the  AhR 
(52).  ER-negative  MDA-MB-468  express  a  functional  AhR 
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Figure  4.  Inhibition  of  PC3  prostate  cancer  cell  growth  by  different 
concentrations  of  DIM. 


and  TCDD  induces  CYPlAl  gene  expression;  moreover, 
both  TCDD  and  6-MCDF  inhibit  MDA-MB-468  cell  growth 
through  induction  of  transforming  growth  factor  a  which  is 
growth  inhibitory  in  this  cell  line  (53).  Results  of  ongoing 
studies  also  indicate  that  6-MCDF  inhibits  tumor  growth 
in  athymic  nude  mice  bearing  MCF-7  or  MDA-MB-468 
cell  xenografts.  In  addition,  a  more  extensive  survey  of 
ER-negative  breast  cancer  cells  shows  that  several  of  these 
cell  lines,  including  MDA-MB-453,  MDA-MB-435,  HCC-38 
and  BT-20  cells,  express  a  functional  AhR  (i.e.  CYPlAl 
inducibility  by  TCDD)  and  6-MCDF  inhibits  cell  proliferation. 
Current  studies  are  further  characterizing  the  growth  inhibitory 
and  antitumorigenic  activity  of  6-MCDF  and  related  SAhRMs 
using  ER-negative  breast  cancer  cells  and  thereby  expanding 
the  potential  therapeutic  applications  of  SAhRMs  for  treating 
breast  cancer. 

7.  Potential  applications  of  SAhRMs  for  treating  other 
cancers 

The  AhR  is  expressed  in  cancer  cells  derived  from  tumors 
from  multiple  tissues;  however,  the  potential  applications  of 
SAhRMs  for  inhibiting  growth  of  these  tumors  has  not  been 
extensively  investigated.  Research  in  this  laboratory  has 
demonstrated  that  TCDD  and/or  6-MCDE  inhibit  E2-induced 
proliferation  of  E2-responsive  PE04  ovarian  and  Ishikawa/ 
ECCl  endometrial  cancer  cell  lines  (24,25,27).  Smoking  is 
known  to  be  protective  for  development  of  endometrial 
cancer  in  women  and  benzo[a]pyrene,  an  AhR  agonist  that 
is  a  component  of  cigarette  smoke  and  other  combustion 
products  also  inhibits  E2-induced  proliferation  of  Ishikawa 
endometrial  cancer  cells  (25,54,55).  Recent  studies  show  that 
AhR  agonists  also  block  androgen  receptor  (AR)  signaling 
including  testosterone-induced  prostate-specific  antigen 
(protein  and  mRNA)  (56,57).  We  have  also  investigated 
inhibitory  AhR-AR  interactions  in  prostate  cancer  cells 
and  the  results  in  Eig.  4  demonstrate  that  DIM  inhibits 
proliferation  of  PC-3  prostate  cancer  cells  maintained  in  0 


and  1%  serum.  These  results  suggest  that  SAhRMs  may  also 
be  useful  for  inhibiting  prostate  and  possibly  other  cancers, 
and  the  applications  and  mechanisms  of  action  of  these 
compounds  are  currently  being  investigated. 

8.  Summary 

Ligand-activated  receptors  are  ideal  targets  for  developing 
tissue-selective  modulators  for  treating  different  diseases. 
The  AhR  is  widely  expressed  in  mammalian  tissues  and 
tumors,  and  it  is  clear  from  studies  on  TCDD  that  multiple 
genes/responses  are  mediated  through  the  AhR,  and  these 
include  inhibition  or  enhancement  of  immune  responses, 
reproductive  toxicity,  a  wasting  syndrome,  carcinogenic  and 
anticarcinogenic  responses,  proteasome  activation,  and 
tissue-specific  up-  or  downregulation  of  several  genes.  Our 
research  has  focused  on  development  of  tissue-selective 
SAhRMs  for  treatment  of  mammary  cancer  and  it  is  possible 
that  SAhRMs  may  also  inhibit  growth  of  tumors  in  other 
tissues,  and  these  are  currently  being  investigated. 
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den  Berg  et  al.  1998).  A  risk  assessment  was  conducted  to  identify  a  concentra¬ 
tion  of  PCDD/Fs  in  soils  that  would  not  pose  an  unacceptable  health  risk  to 
residents  (i.e.,  a  site-specific  soil  criterion).  US  Environmental  Protection  Agency 
(EPA)  and  Michigan  Department  of  Environmental  Quality  (MDEQ)  guidance  for 
conducting  residential  human  health  risk  assessments  was  used  for  the  assessment 
with  exposures  via  soil  ingestion  and  dermal  contact  assessed.  All  other  potential 
exposure  pathways  were  considered  to  be  de  minimus.  A  probabilistic  analysis 
was  used  to  calculate  the  soil  criterion  for  a  theoretical  increased  risk  of  1  x  10^ 
(1  in  100,000)  using  the  MDEQ’s  cancer  slope  factor  of  49,000  (mg/kg-day)*  for 
PCDD/Fs  (MDEQ  2001).  Probability  density  functions  (PDFs)  were  used  to 
describe  child  soil  ingestion  rates,  body  weights,  skin  surface  areas,  soil  adher¬ 
ence  rates,  and  exposure  durations.  Alt  other  parameters  were  represented  by 
point  estimate  values.  The  results  of  a  site-specific  in  vitro  study  of  the  bioacces¬ 
sibility  of  PCDD/Fs  in  site  soils  were  incorporated  as  a  point  estimate  into  this 
analysis  [Exponent  2001;  Ruby  et  al.  2002  (submitted)].  This  study  simulated 
human  gastrointestinal  conditions  to  determine  the  bioaccessible  firaction  of 
PCDD/Fs  in  Midland  soils.  The  results  indicate  that,  on  average,  only  25%  of 
PCDD/Fs  will  dissolve  into  the  gastrointestinal  lumen  and  be  available  for  sys¬ 
temic  absorption.  A  distribution  of  site-specific  soil  criteria  indicates  that  a 
concentration  of  1 .5  ppb  would  pose  no  greater  than  a  1  in  1 00,000  risk  at  the  95th 
percentile  level  of  exposure  for  residents  in  Midland,  Michigan  while  4  ppb 
would  be  protective  at  the  50th  percentile  level. 


LB30  TCDD  DECREASES  ESTRADIOL  PRODUCTION  BY 
ALTERING  THE  ENZYME  EXPRESSION  AND 
ACTIVITY  OF  17a-HYDROXYLASE/17,  20-LYASE 
CYTOCHROME  P450  (P450C17)  OF  HUMAN 
LUTEINIZED  GRANULOSA  CELLS  (HLGC). 

F  Moran*,  C  A  VandeVoort^,  J  W  Overstreet^,  B  L  Lasley^  and  A  J  Conley*. 
^Population  Health  &  Reproduction,  Davis,  CA.  ^California  Regional  Primate 
Research  Center,  ^Institute  of  Toxicology  &  Environmental  Health.University  of 
California.  Sponsor:  MG  Miller. 

TCDD  decreases  estradiol  (E2)  production  by  hLGC  without  altering  either  E2 
metabolism  or  cytochrome  P450  aromatase  activity.  In  the  present  study  hLGC 
were  used  to  analyze  the  fate  of  different  65  substrates  of  P450cl7  in  the  presence 
or  absence  of  TCDD.  hLGC  were  plated  on  plastic  culture  dishes  in  medium  with 
2  lU/ml  of  hCG.  TCDD  (10  nM)  or  vehicle  only  were  added  directly  onto  the 
dishes  at  the  time  of  medium  change  every  48  hours  for  8  days  to  test  the  hypoth¬ 
esis  that  exogenous  substrate  of  P450cl7  would  reduce  the  TCDD  effects  on  E2 
synthesis.  In  addition,  using  a  recently  developed  antibody  for  the  human 
P450cl7  and  an  activity  assay  for  17,20-lyase  we  tested  the  hypothesis  that 
TCDD  targets  P450cl7  activity.  When  hLGC  were  treated  with  TCDD  in  the 
presence  of  various  doses  of  exogenous  DHEA  there  was  an  exponential  and  dose 
related  increase  in  the  E2  production  and  the  TCDD  effect  on  lowering  the  E2  dis¬ 
appeared.  In  contrast,  when  hLGC  were  incubated  with  O-lOpM  of  pregnenolone 
or  17?-hydroxy-pregnenolone  no  change  in  E2  production  was  observed  and  this 
treatment  did  not  modify  the  effect  of  TCDD  on  E2  production.  Western 
immunoblot  analysis  demonstrated  that  TCDD  treatment  decreased  the  expres¬ 
sion  of  P450ol7  by  50%  (P<0.05)  and  17,20-lyase  activity  of  this  protein  by  65% 
(P<0.05).  We  conclude  that  one  of  the  rate  limiting  steps  in  estrogen  synthesis  by 
hLGC  is  tlie  17,20-lyase  activity  of  P450cl7  and  the  iiihibition  of  E2  secretion  by 
TCDD  involves  steps  related  to  the  production  of  androgens,  i.e.  the  17,20-lyase 
activity  of  P450cl7  and  not  earlier  steps  such  hydroxylation  of  Pe.  Thus,  these 
data  identify  the  specific  molecular  target  for  TCDD  toxicity  in  hLGC  as  P450cl7 
expression  and  the  17,20-lyase  activity  of  this  enzyme  complex.  Supported  by: 
NIEHS. 


LB31  COMPARATUVE  ARYL  HYDROCARBON 

RECEPTOR-HORMONE  RECEPTOR  CROSSTALK  IN 
^  BREAST  AND  PROSTATE  CANCER  CELLS. 

D  Morrow,  A  McDougal,  S  Safe.  Veterinary  Physiology  &  Pharmacology,  Texas 
A&M  University,  College  Station,  TX. 

2,3,7,8-Tetrachlorodibenzo-pi-dioxin  (TCDD)  is  a  ligand  for  the  aryl  hydrocarbon 
receptor  (AhR)  and  inhibits  growth  of  both  breast  (T47D)  and  prostate  (LNCaP 

SOTs  41''  AnnmCMeetina  f 


and  22RV1)  cancer  cells  in  culture.  One  mechanism  for  TCDD-induced  inhibito¬ 
ry  activity  in  breast  cancer  cells  involves  activation  of  proteasome-dependent 
degradation  of  estrogen  receptor  a  (ERot).  This  study  investigated  the  compara¬ 
tive  effects  of  TCDD  and  steroid  hormones  on  receptor  proteins  in  breast  and 
prostate  cancer  cells.  T47D,  LNCaP  and  22RV1  cells  express  the  androgen  recep¬ 
tor  (AR)  and,  after  treatment  with  10  nM  dihydro  testosterone  (DHT)  for  24  h, 
there  was  a  significant  4-  to  6-fold  upregulation  of  immunoreactive  AR  protein, 
and  this  increase  was  observed  within  1  to  3  h  after  treatment  in  all  three  cell  lines. ' 
In  contrast,  1713-estradiol  (E2)  decreased  AR  levels  in  T47D  cells,  whereas  in 
prostate  cancer  cells,  AR  levels  were  slightly  elevated  by  E2.  TCDD  induces  pro¬ 
teasome-dependent  degradation  of  Era  in  breast  cancer  cells;  however,  after 
treatment  with  10  nM  TCDD  for  up  to  24  h,  only  minimal  changes  in  immunore¬ 
active  AR  protein  were  observed  in  T47D  breast  and  22RV1  prostate  cells. 
Combined  treatment  with  DHT  plus  TCDD  resulted  in  some  decreases  in  AR 
protein  in  22RV1  cells  (compared  to  treatment  with  DHT  alone),  whereas  TCDD 
did  not  alter  upregulation  of  AR  protein  by  DHT  in  T47D  cells.  Thus,  the  effects 
of  TCDD  on  AR  and  other  hormone  receptors  in  prostate  and  breast  cancer  cells 
are  dependent  on  cell  context,  and  current  studies  are  focused  on  the  mechanisms 
of  AhR-hormone  receptor  crosstalk  in  both  breast  and  prostate  cancer  cell  lines 
(Supported  by  DOD-USAMRMC  17-02-1-0147  and  NIH  ES09106). 

LB32  NATURALLY  OCCURING  AH-RECEPTOR  AGONISTS 
IN  THE  DIET;  WHY  A  VEGAN  DIET  WON’T  REDUCE 
YOUR  “DIOXIN  DOSE.” 

J  Warmerdam*,  K  Connor^.  S  Hays^,  B  FinleV*.  ^Exponent,  Oakland,  CA. 
^Exponent,  Natick,  MA,  ^Exponent,  Boulder,  CO,  ^Exponent,  Santa  Rosa,  CA. 

The  presence  of  naturally  occurring  aryl  hydrocarbon  receptor  (AhR)  agonists  in 
the  human  diet  has  implications  for  a  biologically-based  risk  assessment  of  tetra- 
chlorodibenzo-p-dioxin  (TCDD),  where  AhR  binding  is  the  ‘key  event’  and  risks 
from  numerous  exogenous  compounds  are  estimated  on  the  basic  of  AhR 
agonism.  This  analysis  compares  the  daily  TCDD  equivalency  (TEQ)  dose  of  a 
single  dietary-derived  AhR  agonist  to  “background”  dietary  TCDD  doses.  The 
daily  dose  of  indolo[3,2,-b]carbazole  (ICZ)  was  estimated  based  on  the  dietary 
intake  of  indole-3 -carbinole  (I3C);  the  dietary  dose  of  I3C  was  derived  ftom  pub¬ 
lished  estimates  of  vegetable  consumption  rates  and  the  vegetable  content  of  this 
compound.  A  TCDD-equivalency  factor  (TEF)  for  ICZ  (0.01)  was  derived  from 
in  vitro  and  cell  culture  studies.  A  “hackground”  daily  dietary  dose  of  40  pg 
PCDD/F  TEQ/day  was  assumed.  The  30-year  average  daily  intake,  accumulated 
body  burden,  and  area-under-the  curve  (AUC)  TEQ  doses  were  then  calculated 
using  published  estimates  of  bioavailability  and  biological  half-life  for  ICZ  and 
TCDD.  For  each  dose  metric,  the  steady-state  dose  of  ICZ  was  73%  or  more  of 
the  total  TEQ  dose.  This  comparison,  which  evaluated  only  one  of  the  hundreds 
of  naturally  occurring  dietary  AhR  agonists,  suggests  that  reducing  the  intake  of 
animal  products  might  not  achieve  any  significant  reduction  in  the  overall  human 
intake  of  AhR  agonists.  Additional  research  on  the  indoles  and  several  other  nat¬ 
urally  occurring  “dioxins”  is  needed  to  properly  characterize  their  AhR  agonist 
and  antagonist  effects. 


LB33  AhRC-PCR  ASSAY  QUANTIFIES  AhR  ACTIVATION 
BY  REAL-TIME  PGR. 

J  Willey.  Hybrizyme  Corporation,  Raleigh,  NC.  Sponsor:  S  Dertinger. 

The  aryl-hydrocarbon  receptor  (AhR)  mediates  most,  if  not  all,  of  the  toxicity 
related  to  dioxin  and  dioxin-like  compounds.  Activation  of  the  AhR  to  a  DNA- 
binding  form  by  dioxin-like  compounds  was  demonstrated  and  quantified  using  a 
novel  format.  When  activated,  the  AhR  binds  ARNT  (AhR  nuclear  translocator) 
protein  to  form  a  DNA-binding  complex.  The  specific  DNA  element  bound  is 
termed  the  dioxin-responsive  element  (DRE).  In  our  format,  the 
AhR/ARNT/DRE  eomplex  is  captured  in  a  microwell.  Unbound  components  are 
washed  away  and  the  bound  DRE  is  PCR-amplified  and  quantified  using  real” 
time  detection  technologies.  The  DNA  signal  correlates  to  the  concentration  of 
2,3,7, 8-tetrachloro-jn-dioxin  or  beta-naphthoflavone  present  in  the  standard.  The 
assay  has  a  Unear  performance  over  2  orders  of  magnitude  and  low  ppt  (pg/ml) 
sensitivity.  This  method  will  prove  useful  for  environmental  and  food  monitoring. 
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Abstract 

LNCaP  prostate  cancer  cells  express  the  aryl  hydrocarbon  receptor  (AhR),  and  treatment  with  2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD)  induces  CYPlAl  protein  and  an  Ah-responsive  reporter  gene.  Similar  results  were  obtained  with  the  selective  AhR  modulator 
6-methyl-l,3,8-trichlorodibenzofuran  (6-MCDF);  however,  TCDD  but  not  6-MCDF  induced  degradation  of  the  AhR  protein.  TCDD  and 
6-MCDF  inhibited  growth  of  LNCaP  cells,  and  inhibitory  AhR-androgen  receptor  (AR)  crosstalk  was  investigated  in  cells  transfected  with 
constructs  containing  the  androgen-responsive  probasin  promoter  (—288  to  +28)  (pPB)  or  three  copies  of  the  —244  to  —96  region  of  this 
promoter  (pARRy).  Ten  nanomolar  dihydrotestosterone  (DHT)  and  17 (3-estradiol  (E2)  induced  transactivation  in  LNCaP  cells  transfected 
with  pPB  or  PARR3;  however,  inhibitory  AhR-AR  crosstalk  was  observed  only  with  the  latter  construct.  6-MCDF  and  TCDD  did  not 
inhibit  DHT-  or  E2-induced  transactivation  in  ZR-75  human  breast  cancer  cells,  indicating  that  these  interactions  were  promoter  and  cell 
context-dependent.  Both  E2  and  DHT  stabilized  AR  protein  in  LNCaP  cells;  however,  cotreatment  with  TCDD  or  6-MCDF  decreased  AR 
protein  levels.  These  results  indicate  that  inhibitory  AhR-AR  crosstalk  in  prostate  cancer  cells  is  complex  and  for  some  responses,  AR 
protein  stability  may  play  a  role. 

©  2004  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Prostate  cancer  is  the  most  commonly  diagnosed  cancer 
in  North  American  men  and  it  is  estimated  that  there  are 
over  300,000  newly  diagnosed  cases  each  year  [1,2].  The 
incidence  and  mortality  rates  from  prostate  cancer  are  in¬ 
creasing  and  this  is  due,  in  part,  to  an  increasingly  aging 
population  and  the  higher  incidence  of  this  disease  in  older 
men  [3,4].  Prostate  cancer  therapy  is  dependent  on  the  stage 
of  the  tumor  and  androgen  receptor  (AR)  expression.  Early 
stage  androgen-responsive  prostate  cancers  can  be  treated 
by  castration  or  with  antiandrogens  or  drugs  that  block 
androgen-induced  responses  including  steroidal  antiandro¬ 
gens  (cyproterone),  luteinizing  hormone  releasing  hormone 
(LHRH)  analogs,  nonsteroidal  antiandrogens  (flutamide, 
nilutamide,  bicalutamide),  and  the  potent  estrogenic  drug 
diethylstilbestrol  (reviewed  in  [5-8]).  In  addition,  there  are 
several  novel  strategies  for  treatment  of  prostate  cancer  and 
other  tumor-types  and  these  include  targeting  of  critical 
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genes  involved  in  tumor  cell  growth  and  metastasis  (e.g., 
antiangiogenic  drugs,  antisense  therapy)  [9-13].  Ligands 
for  nuclear  receptors  (NR)  are  also  being  developed  for 
treatment  of  prostate  cancer  through  inhibitory  NR-AR 
crosstalk  that  involves  various  compounds  that  bind  the 
retinoid  acid/X-receptors  (retinoids),  vitamin  D  receptor 
(calcitrol),  and  peroxisome  proliferator  activate  recep¬ 
tor  7  (thiazolidinedione-derived  drugs)  [14-26].  A  recent 
study  in  androgen-responsive  LNCaP  prostate  cancer  cells 
showed  that  2,3,7,8-tetrachlorodibenzo-/7-dioxin  (TCDD), 
a  ligand  for  the  aryl  hydrocarbon  receptor  (AhR),  inhibited 
testosterone-induced  cell  proliferation  and  gene/reporter 
gene  expression  [27]. 

The  AhR  was  initially  identihed  as  the  intracellular  re¬ 
ceptor  that  bound  TCDD  and  related  toxic  halogenated 
aromatic  hydrocarbons  [28,29];  however,  more  recent  stud¬ 
ies  show  that  chemoprotective  phytochemicals  and  other 
structurally-diverse  chemicals  also  interact  with  this  recep¬ 
tor  [30].  There  is  also  evidence  that  the  AhR  is  a  potential 
target  for  drug  development  since  long-term  feeding  studies 
with  TCDD  in  female  Sprague-Dawley  rats  showed  that 
development  of  several  age-dependent  cancers  including 
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17(3-estradiol  (E2)-dependent  mammary  and  uterine  tumors 
were  inhibited  [31].  Subsequent  studies  have  demonstrated 
inhibitory  AhR-ER  crosstalk  in  the  rodent  uterus,  rodent 
mammary  tumors,  breast  and  endometrial  cancer  cells 
[28,32-34].  In  addition  to  the  reported  growth  inhibitory 
effects  of  TCDD  in  prostate  cancer  cells,  recent  studies 
show  that  AhR  agonists  also  inhibit  growth  of  pancreatic 
cancer  cells  [35]. 

Research  in  this  laboratory  is  focused  on  develop¬ 
ment  of  selective  AhR  modulators  (SAhRMs)  that  exhibit 
tissue-specific  AhR  agonist  or  antagonist  activity  [36,37]. 
Alternate  substituted  (1,3, 6,8-  or  2,4,6,8-)  alkyl  polychlori¬ 
nated  dibenzofurans,  typified  by  6-methyl- 1,3, 8-trichlorodi- 
benzofuran  (6-MCDE),  are  relatively  non-toxic  and  inhibit 
prototypical  AhR-mediated  toxic  responses  in  rodent  models 
(i.e.,  AhR  antagonists)  but  exhibit  selective  AhR-dependent 
antiestrogenic  and  antitumorigenic  activities  in  mammary 
tumor  models  [38^6].  6-MCDE  also  inhibits  growth  of 
some  ER-negative  breast  cancer  [47]  and  pancreatic  cancer 
cells  [35].  This  paper  describes  inhibition  of  LNCaP  prostate 
cancer  cell  growth  by  TCDD  and  6-MCDE,  and  both  com¬ 
pounds  also  inhibit  E2-  and  androgen-induced  transactiva¬ 
tion  in  LNCaP  cells  transfected  with  an  androgen-responsive 
construct  containing  probasin  gene  promoter  inserts. 

2.  Materials  and  methods 

2.7.  Chemicals,  biochemicals,  and  plasmids 

Petal  bovine  serum  (PBS)  was  obtained  from  Summit 
Biotechnology  (Port  Collins,  CO).  RPMI  1640  medium, 
phenol-free  Dulbecco’s  modified  Eagle’s  medium/P-12 
medium,  phosphate-buffered  saline,  lOOx  antibiotic/anti- 
mycotic  solution,  /V-[2-hydroxyethyl]piperazine-M[2-et- 
hanesulfonic  acid]  (HEPES),  17p-estradiol  (E2),  and  di¬ 
hydrotestosterone  (DHT)  were  purchased  from  Sigma;  5x 
reporter  lysis  buffer  and  luciferin  were  purchased  from 
Promega  (Madison,  WI).  Reagents  for  (3-galactosidase 
analysis  were  purchased  from  Applied  Biosystems  (Poster 
City,  CA).  2,3,7, 8-Tetrachlorodibenzo-p-dioxin  (TCDD) 
and  6-methyl- 1, 3, 8-trichlorodibenzofuran  (6-MCDP)  were 
synthesized  in  this  laboratory.  Porty  percent  polyacrylamide 
was  obtained  from  National  Diagnostics  (Atlanta,  GA). 
PB-luc  and  ARR3TK-IUC  [48]  constructs  were  the  generous 
gifts  of  Dr.  Robert  J.  Matusik  (Vanderbilt  University  Med¬ 
ical  Center,  Nashville,  TN).  Human  AR  (hAR)  expression 
plasmid  [49]  was  kindly  provided  jointly  by  Drs.  Kerry  L. 
Burnstein  (University  of  Miami  School  of  Medicine)  and 
Michael  J.  McPhaul  (U.T.  Southwestern  Medical  School, 
Dallas,  TX).  The  pcDNA3.1-(3-gal  plasmid  was  obtained 
from  Invitrogen  (Carlsbad,  CA).  The  pDRE3-luciferase 
reporter  plasmid  was  constructed  in  this  laboratory  and 
contains  three  tandem  consensus  dioxin  response  elements 
(DRE)  (TCT  TCT  CAC  GCA  ACT  CCG  A— a  single  DRE 
sequence).  All  other  chemicals  and  biochemicals  were  the 


highest  quality  available  from  commercial  sources.  Sched¬ 
uled  substances  were  procured,  stored,  and  disposed  in 
compliance  with  relevant  federal  and  state  laws. 

2.2.  Transient  transfection  assays 

ZR-75  human  breast  cancer  and  LNCaP  human  prostate 
cancer  cells  were  obtained  from  American  Type  Culture 
Collection  (Manassas,  VA)  and  were  maintained  in  RPMI 
1640  medium  supplemented  with  10%  PBS,  1%  antibi¬ 
otic/antimycotic  solution,  1 .5  g/1  sodium  bicarbonate,  and 
10  mM  HEPES,  final  pH  of  7.4.  Cells  were  seeded  at 
2.75  X  10^  per  22-mm  well  in  DME-P12  without  phenol 
red,  supplemented  with  2.5%  charcoal-stripped  PBS.  After 
24  h,  cells  were  transfected  using  Lipofectamine  and  Plus 
reagents  (Invitrogen)  according  to  manufacturer’s  instruc¬ 
tions.  LNCaP  and  ZR-75  cells  were  transfected  with  500  ng 
per  well  of  either  reporter  plasmid,  and  250  ng  per  well 
of  pcDNA3.1-(3-gal  (Invitrogen)  as  the  internal  control.  In 
addition,  ZR-75  cells  were  transfected  with  500  ng  hAR. 
Twenty-four  hours  after  treatment,  cells  were  harvested 
by  scraping  with  200  p.1  per  well  of  reporter  lysis  buffer. 
Lysates  were  centrifuged  at  40,000  x  g  and  luciferase  and 
(3-galactosidase  activity  was  assayed  with  30  p.1  of  the  su¬ 
pernatant  extract  per  sample  using  a  Lumicount  luminome- 
ter  (Perkin-Elmer,  Boston,  MA).  Luciferase  activity  was 
normalized  to  (3-galactosidase  activity  for  each  transfection 
well.  Results  of  transfection  experiments  are  expressed  as 
means  ±  S.E.  compared  to  the  DMSO  control  group,  which 
is  set  at  1. 

2.3.  Cell  proliferation  assay 

After  trypsinization  and  low-speed  centrifugation, 
LNCaP  cells  were  resuspended  and  counted  using  a  Coul¬ 
ter  cell  counter  (Beckman  Coulter,  Pullerton,  CA).  Cells 
were  seeded  at  a  density  of  5  x  10‘*/35-mm  well  using 
DME-P12  without  phenol  red,  supplemented  with  2.5% 
charcoal-stripped  PBS.  Twenty-four  hours  after  seeding, 
initial  treatment  was  applied  and  then  subsequently  reap¬ 
plied  with  fresh  medium  every  two  days  until  harvesting  by 
trypsinization.  Cells  were  counted  after  harvesting  using  a 
Coulter  counter. 

2.4.  Fluorescence  activated  cell  sorting  analysis 

Cells  were  analyzed  on  a  PACS  Calibur  (Becton  Dickin¬ 
son,  San  Jose,  CA)  flow  cytometer,  equipped  with  a  15  mW 
air-cooled  argon  laser,  using  CellQuest  (Becton  Dickinson) 
acquisition  software.  Propidium  iodide  (PI)  fluorescence  was 
collected  through  a  585/42-nm  bandpass  Alter,  and  list  mode 
data  were  acquired  on  a  minimum  of  12,000  single  cells 
defined  by  a  dot  plot  of  Pl-width  versus  Pl-area.  Data  anal¬ 
ysis  was  performed  in  ModPit  LT  (Verity  Software  House, 
Topsham,  ME)  using  Pl-width  versus  Pl-area  to  exclude  cell 
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aggregates.  FlowJo  (Treestar,  Inc.,  Palo  Alto,  CA)  was  used 
to  generate  plots  summarized  in  Table  1. 


LNCaP  cells 

6h 


12  h 


2.5.  Western  immunoblot  analysis 


C  TCDD  MCDF  C  TCDD  MCDF 
10  2  5  10  2  5 


Cells  were  harvested  6  h  after  treatment  using  200  p,l/22- 
mm  well  of  ice  cold  lysis  buffer  (50  mM  HEPES,  pH  7.5, 
500  mM  NaCl,  10%  (v/v)  glycerol,  1%  (v/v)  Triton-X 
100,  1.5 mM  MgCh,  1  mM  EGTA)  [46].  Lysates  were 
centrifuged  at  40,000  x  g,  and  supernatant  extract  was 
collected.  Whole  cell  extracts  (50  p.g  per  sample)  were 
separated  by  electrophoresis  on  a  tiered  7.5%  (top)/12.5% 
(bottom)  SDS-polyacrylamide  gel  and  transferred  to  PVDE 
membrane  (Bio-Rad,  Richmond,  CA).  The  membrane  was 
blocked  with  5%  milk  (m/v)  in  tris-buffered  saline  0.05% 
Tween  (TEST).  Membranes  were  incubated  with  primary 
antibodies  for  AR  (sc-7305),  cyclin  D1  (sc-718),  or  p27 
(sc-528)  (each  from  Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA)  at  1:1000  in  5%  milk/TBST  for  3h.  Mem¬ 
branes  were  washed  twice  in  TEST.  Horseradish  peroxi¬ 
dase  (HRP)-conjugated  secondary  antibodies  were  applied 
at  1:5000  in  5%  milk/TBST  for  1  h.  After  two  TEST 
washes,  PVDE-bounded  antibodies  were  detected  using  a 
chemiluminescence  kit  (Western  Lightning,  Perkin-Elmer), 
ImageTek-H  film  (American  X-Ray  and  Medical  Sup¬ 
ply,  Rancho  Cordova,  CA)  and  an  autoprocessor  (Hope 
Macro-Med,  Warminster,  PA).  Quantitation  of  the  Western 
blot  was  performed  using  a  Sharp  JX-330  scanner  (Sharp, 
Mahwah,  NJ)  and  Zero-D  software  (Scanalytics,  Billerica, 
MA).  The  experimental  protocol  used  for  Western  blot  anal¬ 
ysis  of  CYPl  Al,  AhR,  cyclin  Dl,  p27  and  Arnt  protein  were 
essentially  as  described  above  [46]  using  CYPlAl,  AhR 
and  Amt  antibodies  purchased  from  Santa  Cruz  Biotech¬ 
nology.  In  this  experiment,  cells  were  treated  with  lOnM 
TCDD,  2  or  5  p.M  6-MCDP  for  6  or  12  h.  Results  for  quan¬ 
titative  comparisons  of  AR  protein  levels  are  expressed  as 
means ±S.E.  for  three  separate  experiments,  and  levels  were 
compared  to  the  DMSO  control  group,  which  was  set  at  1. 


3.  Results 

3.1.  Ejfects  of  TCDD  and  6-MCDF  on  AhR  activation 
and  growth  of  LNCaP  cells 

Previous  studies  reported  that  the  AhR  and  Arnt  mRNA 
are  expressed  in  LNCaP  cells  and  Ah-responsiveness 
was  confirmed  by  induction  of  CYPlAl  mRNA  and 
CYPlAl -dependent  EROD  activity  by  TCDD  [27].  Re¬ 
sults  illustrated  in  Lig.  lA  show  that  10  nM  TCDD,  2  and 
5  p.M  6-MCDL  induce  CYPlAl  protein  in  LNCaP  cells, 
and  this  is  consistent  with  previous  reports  showing  that 
lOnM  TCDD  induces  CYPlAl -dependent  EROD  activity 
[27].  Western  blot  analysis  also  confirmed  expression  of 
both  AhR  and  Arnt  proteins,  and  treatment  with  TCDD  but 
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Fig.  1.  Ligand-dependent  AhR  activation  and  growth  inhibition  in  LNCaP 
cells.  (A)  Induction  of  CYPlAl  protein.  LNCaP  cells  were  treated  with 
DMSO  (C),  10  nM  TCDD,  2  or  5  p.M  6-MCDF  for  6  or  12  h,  and 
whole  cell  lysates  were  analyzed  by  Western  blot  analysis  as  described 
in  Section  2.  Antibodies  were  used  to  detect  the  AhR,  Amt,  CYPlAl, 
cyclin  Dl  and  p27  proteins.  (B)  Activation  of  PDRE3.  LNCaP  cells  were 
transfected  with  pDREs,  treated  with  various  compounds  and  luciferase 
activity  was  determined  as  described  in  Section  2.  Significant  induction 
(P  <  0.05)  is  indicated  with  an  asterisk  and  inhibition  of  TCDD-  or 
6-MCDF-induced  activity  is  also  indicated  (**).  (C)  Inhibition  of  LNCaP 
cell  growth  by  TCDD  and  6-MCDF.  Cells  were  cultured  for  six  days, 
treated  with  different  concentrations  of  TCDD  or  6-MCDF,  and  cell 
numbers  were  determined  as  described  in  Section  2.  Significant  (P  <  0.05) 
growth  inhibition  is  indicated  by  an  asterisk.  All  results  are  presented 
as  means  ±  S.E.  for  three  replicate  determinations  for  each  treatment 
group.  Growth  inhibition  in  some  of  the  groups  was  observed  after  2  to 
4  days. 
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Table  1 

Effects  of  TCDD  on  cell  cycle  progression  in  LNCaP  prostate  cancer 
cells^ 


Treatment 

Percent  distribution 

Go/Gi 

G2/M 

S 

DMSO 

TCDD  (10^^  M) 
TCDD  (10^**  M) 
TCDD  (IQ-’M) 
DHT  (10-'*  M) 

70.300  ±  1.779 

74.300  ±  0.751* 
75.367  ±  0.636* 
77.500  ±  0.451* 
73.400  ±  1.179 

10.973  ±  0.544 
10.633  ±  0.376 
10.300  ±  0.153 
8.943  ±  0.471 
9.433  ±  1.011 

18.7  ±  1.258 

14.7  ±  0.520* 
14.3  ±  0.666* 
13.567  ±  0.176* 
17.167  ±  0.296 

^  LNCaP  cells  were  treated  as  indicated  for  48  h  and  the  percentage 
distribution  of  cells  in  Gq/Gi,  G2/M,  and  S  phases  were  determined  by 
FACS  analysis  as  described  in  Section  2.  Significant  (p  <  0.05)  effect 
compared  to  DMSO  are  indicated  by  an  asterisk. 


not  6-MCDF  decreased  expression  of  the  AhR.  Expression 
of  other  proteins  including  Spl,  cyclin  D1  and  p27  were 
unaffected  by  the  treatments  and  serve  as  loading  controls. 
Results  illustrated  in  Fig.  IB  also  show  that  treatment  of 
LNCaP  cells  with  lOnM  TCDD  induced  luciferase  activ¬ 
ity  >9-fold  compared  to  solvent  control  (DMSO)  in  cells 
transfected  with  PDRE3.  In  contrast,  lOnM  DHT,  lOnM 
E2  and  E2  plus  DHT  did  not  significantly  induce  activ¬ 
ity,  and  neither  DHT  or  E2  in  combination  with  TCDD 
affected  induced  activity.  6-MCDF  (2  p.M),  a  prototypical 
SAhRM,  also  induced  luciferase  activity  (>7-fold),  and  this 
was  consistent  with  the  induction  of  CYPlAl  by  6-MCDF. 
6-MCDF  is  a  much  less  potent  agonist  for  activation  of 
CYPlAl  or  DRE-dependent  activities  in  breast  cancer  cells 
[42].  Both  E2  and  DHT  in  combination  with  6-MCDF  sig¬ 
nificantly  inhibited  6-MCDF-induced  activity,  whereas  in 
cells  treated  with  TCDD  in  combination  with  E2  or  DHT, 
inhibitory  interactions  were  not  observed. 

The  comparative  effects  of  TCDD  and  6-MCDF  on 
growth  of  LNCaP  cells  were  also  determined  in  cells  treated 
with  solvent  control  and  different  concentrations  of  the 
AhR  agonists  for  6  days.  The  results  show  that  TCDD 
(1-lOOnM)  significantly  inhibited  proliferation  of  LNCaP 
cells,  and  growth  inhibition  was  also  observed  for  6-MCDF 
(Fig.  IB).  Both  compounds  inhibited  >50%  cell  growth  at 
one  or  more  concentrations.  Similar  experiments  were  also 
carried  out  with  6-MCDF  and  TCDD  in  LNCaP  cells  also 
treated  with  different  concentrations  of  DHT  (up  to  10  nM). 
Hormone-induced  cell  growth  was  not  observed;  however, 
both  6-MCDF  and  TCDD  inhibited  growth  of  LNCaP  cells 
in  the  presence  of  DHT  (data  not  shown).  These  results  con¬ 
firm  that  LNCaP  cells  are  Ah-responsive  and  both  TCDD 
and  6-MCDF  inhibit  LNCaP  cell  proliferation.  The  effects 
of  TCDD  on  cell  cycle  progression  was  also  determined 
in  LNCaP  cells  treated  with  1.0,  10  and  100  nM  TCDD 
for  48  h  followed  by  FACS  analysis  (Table  1).  The  results 
show  that  TCDD  induced  a  small  but  significant  increase 
in  the  percentage  of  cells  in  Gq/Gi  and  a  decrease  of  cells 
in  S  phase,  whereas  solvent  (DMSO)  and  DHT  (lOnM) 
exhibited  minimal  differences. 
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Fig.  2.  Inhibition  of  AR-dependent  transactivation  by  TCDD  and  6-MCDF. 
LNCaP  cells  were  transfected  with  pPB  (A)  or  PARR3  (B),  treated  with 
hormone  or  AhR  agonist  alone  or  in  combination,  and  luciferase  activity 
was  determined  as  outlined  in  Section  2.  Significant  (P  <  0.05)  induction 
by  compounds  alone  is  indicated  by  an  asterisk,  and  significant  (0  <  0.05) 
inhibitory  effects  observed  in  cotreatment  studies  are  also  indicated  (**). 
Results  are  expressed  as  means  ±  S.E.  for  three  replicate  determinations 
for  each  treatment  group. 


3.2.  Inhibitory  AhR-AR  crosstalk  in  LNCaP  cells 
transfected  with  androgen-responsive  constructs 

Jana  et  al.  [27]  previously  reported  that  TCDD  inhib¬ 
ited  testosterone-induced  luciferase  activity  in  LNCaP  cells 
transfected  with  an  androgen-responsive  construct  contain¬ 
ing  the  mouse  mammary  tumor  virus  (MMTV)  promoter. 
Inhibition  of  testosterone-induced  PSA  protein  or  mRNA 
by  lOOnM  TCDD  was  reported  but  not  quantitated,  and 
the  magnitude  of  inhibition  was  minimal.  Therefore,  we 
further  investigated  inhibitory  AhR-AR  crosstalk  in  LNCaP 
cells  transfected  with  pPB  which  contains  the  —286  to  -t-28 
region  of  the  androgen-responsive  probasin  gene  promoter 
(Fig.  2A).  There  was  a  >  13-fold  increase  in  luciferase 
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activity  in  LNCaP  cells  treated  with  10  nM  DHT  and  trans¬ 
fected  with  pPB  and  the  induced  response  was  significantly 
inhibited  after  cotreatment  with  DHT  plus  TCDD.  Similar 
inhibitory  responses  were  also  observed  using  2  p-M  MCDF 
(Fig.  2A),  whereas  TCDD  and  MCDF  alone  did  not  signifi¬ 
cantly  induce  activity.  Surprisingly,  lOnM  E2  alone  induces 
luciferase  activity  in  LNCaP  cells  transfected  with  pPB,  and 
the  hormone-induced  response  is  signihcantly  decreased  in 
cells  cotreated  with  E2  plus  TCDD  or  6-MCDE  (Eig.  2A). 

The  PARR3  construct  contains  three  tandem  (3)  copies 
of  the  probasin  androgen  response  element,  and  was  used 
to  further  investigate  inhibitory  AhR-AR  crosstalk  and  the 
androgenic  activity  of  E2.  Ten  nanomolar  DHT  induced  a 
>27-fold  increase  in  luciferase  in  LNCaP  cells  transfected 
with  PARR3;  however,  for  this  construct,  cotreatment  with 
DHT  plus  MCDE  or  TCDD  did  not  decrease  DHT-induced 
activity  (Fig.  2B).  E2  (10  nM)  also  induced  luciferase  activ¬ 
ity  (>24-fold)  in  cells  transfected  with  PARR3:  however,  in 
cells  cotreated  with  E2  plus  TCDD  or  MCDF,  activity  was 
not  signihcantly  decreased  compared  to  that  observed  for  E2 
alone.  These  results  conhrmed  that  both  DHT  and  E2  acti¬ 
vated  gene  expression  in  cells  transfected  pPB  or  PARR3; 
however,  inhibitory  effects  of  AhR  agonists  were  observed 
only  for  the  former  construct. 

The  unexpectedly  high  AR  agonist  activity  of  E2  com¬ 
pared  to  DHT  in  LNCaP  cells  were  further  investigated  in 
cells  transfected  with  pPB  and  treated  with  hormones  and  an¬ 
tiandrogens  or  antiestrogens.  Induction  of  luciferase  activity 
by  10  nM  DHT  and  E2  in  LNCaP  cells  transfected  with  pPB 
was  inhibited  in  cells  cotreated  with  the  hormone  plus  10 
pM  HPTE,  an  AR  antagonist  (Fig.  3A).  However,  in  parallel 
studies,  the  “pure”  antiestrogen  ICI  182780  also  signihcantly 
inhibited  E2-induced  activity,  whereas  only  minimal  inhibi¬ 
tion  was  observed  in  LNCaP  cells  treated  with  DHT  plus 
ICI  182780.  In  a  parallel  experiment  in  LNCaP  cells  trans¬ 
fected  with  PARR3,  both  HPTE  and  ICI  182780  inhibited 
DHT  and  E2-induced  luciferase  activity  (Eig.  3B),  whereas 
1  pM  hutamide,  an  AR  antagonist,  caused  only  minimal  de¬ 
creases  in  hormone-induced  activity  (Eig.  3C).  HPTE  is  also 
an  ERa  agonist  and  ERp  antagonist  [50]  and  the  results  ob¬ 
tained  for  both  HPTE  and  ICI  182780  suggest  a  possible 
role  for  ER(3  in  mediating  activation  of  pPB  and  PARR3. 
However,  previous  studies  show  that  endogenous  ERp  is 
insufficient  for  E2-induced  transactivation  in  LNCaP  cells 
transfected  with  PERE3,  a  construct  containing  three  tan¬ 
dem  estrogen  responsive  elements  (ERE3)  [51,52],  suggest¬ 
ing  that  activation  of  pPB  or  PARR3  is  ER(3-independent. 
Therefore,  in  order  to  conhrm  the  role  of  AR  in  mediat¬ 
ing  these  responses,  we  further  investigated  hormone  acti¬ 
vation  of  pPB  and  inhibitory  AhR-AR  crosstalk  in  ZR-75 
cells  which  express  minimal  AR  protein  [53].  Results  in 
Pig.  4A  show  that  DHT,  E2,  TCDD  and  MCDF  do  not  ac¬ 
tivate  reporter  gene  activity  in  ZR-75  cells  transfected  with 
pPB  alone;  however,  both  DHT  and  E2  induced  luciferase 
activity  in  cells  cotransfected  with  pPB  and  hAR  expres¬ 
sion  plasmid  (Fig.  4B).  Induction  by  E2  was  significant  but 
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Fig.  3.  Inhibition  of  AR-dependent  transactivation  by  antiandrogens  and 
antiestrogens  in  LNCaP  cells.  Cells  were  transfected  with  pPB  (A),  pARR3 
(B)  or  pPB  (C),  treated  with  various  compounds,  and  luciferase  activity 
was  determined  as  described  in  Section  2.  Significant  (P  <  0.05)  induction 
by  compounds  alone  is  indicated  by  an  asterisk,  and  significant  (P  <  0.05) 
inhibitory  effects  observed  in  cotreatment  studies  is  also  indicated  (**). 
Results  are  expressed  as  means  di  S.E.  for  three  replicate  determinations 
for  each  treatment  group. 
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DHTIOnM 
E2  10  nM 
TCDD  10  nM 
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(B)  pPB  +  hAR  ZR-75  cells 
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E2  10nM  -  -  +  -  +  -  + 

TCDD  10  nM  ---  +  -  +  + 


Fig.  4.  Inhibition  of  hormone-induced  transactivation  in  ZR-75  breast 
cancer  cells  transfected  with  pPB.  (A)  Transfection  with  pPB  alone. 
ZR-75  cells  were  transfected  with  pPB,  treated  with  various  compounds 
and  luciferase  activity  was  determined  as  described  in  the  Materials  and 
Methods.  No  significant  induction  was  observed  in  any  of  the  treatment 
groups.  (B)  Transfection  with  pPB  and  hAR.  Cells  were  transfected  and 
treated  as  described  in  (A)  except  that  500  ng  of  hAR  expression  plas¬ 
mid  was  also  transfected.  Significant  (P  <  0.05)  induction  by  compounds 
alone  is  indicated  by  an  asterisk  and  significant  inhibitory  effects  ob¬ 
served  in  cotreatment  studies  is  also  indicated  (**).  Results  ai‘e  expressed 
as  means  ±  S.E.  for  three  replicate  determinations  for  each  treatment 
group. 


lower  than  observed  for  DHT  in  ZR-75  cells,  and  TCDD  in¬ 
hibited  E2  but  not  DHT-induced  activity  in  cells  cotreated 
with  hormone  plus  TCDD.  Similar  results  were  observed  in 
duplicate  experiments  confirming  that  E2 -dependent  trans¬ 
activation  of  pPB  was  AR-dependent.  However,  it  was  also 
evident  that  there  were  important  differences  between  the 
interaction  of  TCDD  and  DHT  in  LNCaP  and  ZR-75  cells 
since  TCDD  did  not  inhibit  DHT-induced  luciferase  ac¬ 
tivity  in  the  latter  cell  line.  This  suggests  that  inhibitory 
AhR-AR  crosstalk  is  cell  context-dependent  for  the  pPB 
promoter. 


3.3.  Effects  of  various  treatments  on  AR,  cyclin  D1  and 
p27  protein  levels  in  LNCaP  cells 

Levels  of  AR  protein  expression  may  influence  androgen- 
responsiveness  and  inhibitory  AhR-AR  crosstalk,  and  the 
results  in  Pig.  5A  demonstrate  levels  of  immunoreactive 
AR  protein  in  LNCaP  cells  after  various  treatments.  Prelim¬ 
inary  studies  in  LNCaP  and  other  cell  lines  indicated  that 
any  changes  in  AR  expression  were  observed  within  6-12  h 
after  treatment  (data  not  shown)  and  a  6  h  time  point  was 
selected  for  this  study.  Treatment  with  lOnM  DHT,  lOnM 
E2  or  DHT  plus  E2  resulted  in  a  significant  increase  in  AR 
levels.  In  contrast,  10  nM  TCDD  and  2  p,M  6-MCDP  alone 
did  not  significantly  affect  levels  of  AR  protein;  however,  in 
combination  with  DHT,  there  was  a  significant  decrease  in 
AR  levels  compared  to  cells  treated  with  DHT  alone.  TCDD 
in  combination  with  E2  also  decreased  AR  levels  compared 
to  those  observed  in  cells  treated  with  E2  alone.  In  contrast, 
levels  of  immunoreactive  p27  protein  were  not  significantly 
changed  by  any  of  the  treatments  (also  observed  in  studies 
summarized  in  Pig.  lA),  and  served  as  a  loading  control 
for  this  experiment.  In  a  separate  study,  the  effects  of  the 
antiandrogen  HPTE  and  the  antiestrogen  ICI  182780  alone 
and  in  combination  with  E2  or  DHT  on  AR  levels  were  also 
determined  (Pig.  5B).  Ten  micromolar  HPTE  alone  did  not 
affect  AR  levels  in  LNCaP  cells,  whereas  ICI  182780  treat¬ 
ment  increased  AR  levels  compared  to  DMSO  (solvent) 
treatment.  Hormone  (E2  or  DHT)-induced  upregulation 
of  AR  protein  was  not  decreased  cotreatment  with  HPTE 
or  ICI  182780.  Cyclin  D1  protein  was  not  significantly 
changed  in  this  study  and  served  as  a  loading  control  (also 
see  Pig.  lA).  These  data  demonstrate  that  various  treat¬ 
ments  differentially  modulate  AR  protein  levels  in  LNCaP 
cells,  and  current  studies  are  focused  on  the  influence  of 
ligand-induced  changes  in  AR  expression  and  the  magni¬ 
tude  of  hormone-induced  transactivation. 


4.  Discussion 

The  AhR  was  initially  characterized  by  its  high  affinity, 
low  capacity  binding  to  TCDD  and  related  toxic  halogenated 
aromatic  hydrocarbons  [54].  However,  recent  studies  have 
demonstrated  that  the  AhR  also  interacts  with  structurally 
diverse  synthetic  chemicals,  drugs,  endogenous  biochemi¬ 
cals,  and  phytochemicals  [30,55-57].  Moreover,  many  of 
these  compounds  such  as  synthetic  retinoids,  bioflavonoids, 
indole-3-carbinol  and  diindolylmethane  (DIM)  exhibit 
chemoprotective  and  antic arcinogenic  properties  in  labora¬ 
tory  animal  studies  [58-63].  6-MCDP  is  an  example  of  a 
relatively  non-toxic  synthetic  AhR  agonist/antagonist  that 
inhibits  several  TCDD-induced  toxic  responses  including 
cleft  palate,  immunotoxicity  and  porphyria  in  mice  and 
CYPlAl  in  both  in  vivo  and  in  vitro  models  [38^1].  How¬ 
ever,  6-MCDP  exhibits  selective  AhR  agonist  activity  as 
an  antiestrogen  and  inhibits  E2-dependent  mammary  tumor 
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Fig.  5.  AR  protein  expression  in  LNCaP  cells  treated  with  hormones,  AhR 
agonists,  antiandrogens  and  antiestrogens.  (A)  AR  protein  expression  in 
cells  treated  with  hormones  and  AhR  agonists.  LNCaP  cells  were  treated 
with  DHT,  E2,  TCDD,  6-MCDF  and  their  combinations  for  6  h,  and  AR 
protein  levels  in  whole  cell  lysates  were  determined  by  Western  blot 
analysis  as  described  in  Section  2.  p27  protein  was  also  determined  for 
this  experiment;  p27  was  essentially  unchanged  in  all  of  the  treatment 
groups  and  serves  as  a  loading  control  for  this  experiment.  (B)  AR  protein 
expression  in  cells  treated  with  hormones,  antiandrogens  and  antiestrogens. 
AR  protein  levels  were  determined  essentially  as  described  in  (A)  and 
blots  were  stripped  and  reprobed  with  cyclin  D1  antibodies.  Cyclin  D1 
protein  was  unchanged  in  this  experiment  and  serves  as  a  loading  control. 
For  studies  illustrated  in  (A)  and  (B),  significant  (P  <  0.05)  increases  in 
AR  protein  levels  by  individual  compounds  are  indicated  by  an  asterisk, 
and  significant  (P  <  0.05)  decreases  in  the  cotreatment  groups  are  also 
indicated  (**).  Results  are  expressed  as  means  ±  S.E.  for  three  replicate 
determinations  for  each  treatment  group. 


growth  (in  vivo)  and  breast/endometrial  cancer  cell  growth 
[42^6], 

Recent  studies  show  that  6-MCDF  also  inhibits  E2-in- 
dependent  pancreatic  cancer  cell  growth  [35],  and  results 
of  this  study  show  that  both  TCDD  and  6-MCDF  inhibit 
growth  of  LNCaP  cells  (Fig.  1C),  decrease  the  percentage 
of  cells  in  S  phase,  and  increase  the  percentage  in  Gq/Gi 
(Table  1).  Although  the  percentage  of  cells  in  Gq/Gi  and 
S  phase  are  significantly  affected  by  TCDD,  the  changes 
are  relatively  small  suggesting  that  modulation  of  cell  cycle 
genes  by  TCDD  may  not  be  a  critical  pathway  for  growth 
inhibition.  Treatment  of  LNCaP  cells  with  up  to  10  nM  DHT 
did  not  increase  cell  growth  (data  not  shown)  or  Gq/Gi  ^  S 
phase  progression  (Table  1);  however,  TCDD  and  6-MCDP 
also  inhibited  LNCaP  cell  growth  in  the  presence  of  DHT 
(data  not  shown).  In  addition,  6-MCDP  and  TCDD  did  not 
affect  expression  of  cyclin  D1  or  p27  (Pigs.  lA  and  5),  and 
only  minimal  expression  of  p21  was  observed  in  the  treat¬ 
ment  groups  (data  not  shown).  Current  studies  are  further 
investigating  the  mechanisms  of  LNCaP  cell  growth  inhibi¬ 
tion  by  AhR  agonists. 

Jana  and  coworkers  [27,64]  have  reported  inhibitory  AhR- 
AR  crosstalk  in  LNCaP  cells  and  showed  that  10  or  100  nM 
testosterone  inhibited  EROD  activity  induced  by  lOOnM 
TCDD  and  that  TCDD  inhibited  testosterone-induced  acti¬ 
vation  of  an  androgen-responsive  construct  containing  the 
MMTV  promoter.  Results  in  Pig.  lA  and  B  conhrm  the 
Ah-responsiveness  of  LNCaP  cells.  Both  the  AhR  and  Arnt 
proteins  are  expressed  LNCaP  cells,  and  CYPl  Al  protein  is 
induced  by  TCDD  and  6-MCDP.  The  induction  of  CYPlAl 
by  6-MCDP  was  surprising  since  previous  studies  in  breast 
cancer  cells,  rodent  mammary  tumors,  and  rodent  liver  show 
that  this  compound  only  weakly  induces  CYPlAl,  and  in 
cotreatment  studies  (TCDD  -f  6-MCDP),  6-MCDP  inhibits 
induction  of  CYPlAl  by  TCDD  [38^5].  Treatment  of 
LNCaP  cells  with  TCDD  resulted  in  decreased  AhR  pro¬ 
tein  expression,  and  this  is  consistent  with  studies  in  other 
cell  lines  where  TCDD  activates  proteasome-dependent 
degradation  of  the  AhR  [45,65-67].  In  contrast,  2  or  5  p.M 
6-MCDP  did  not  decrease  AhR  protein  levels,  and  differ¬ 
ences  between  the  effects  of  TCDD  and  6-MCDP  corre¬ 
lated  with  reports  showing  that  interactions  of  these  com¬ 
pounds  with  the  AhR  induce  different  conformation  of  the 
bound  receptor  complex  [68].  Thus,  although  TCDD  and 
6-MCDP  induce  similar  responses,  there  are  differences  in 
their  mode  of  action.  TCDD  and  6-MCDP  also  induced  lu- 
ciferase  activity  in  cells  transfected  with  pDRE3  (Pig.  IB). 
Hormone-dependent  decreases  in  TCDD-induced  activity 
were  not  observed,  whereas  both  E2  and  DHT  inhibited  lu- 
ciferase  activity  induced  by  6-MCDP.  This  is  consistent  with 
a  potential  squelching  mechanism  where  the  AR  and  AhR 
compete  for  common  cofactors,  and  inhibitory  AR-AhR 
crosstalk  is  observed  only  with  a  less  potent  AhR  agonists. 

Inhibitory  AhR-AR  crosstalk  was  investigated  using  two 
related  androgen-responsive  constructs,  pPB  and  PARR3. 
pPB  contains  the  —286  to  4-28  region  of  the  probasin  gene 
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promoter  and  the  more  androgen-responsive  pARRa  con¬ 
struct  contains  three  copies  of  the  —244  to  —96  region  of 
the  rat  probasin  gene  promoter  [48,69].  The  results  in  Fig.  2 
demonstrate  that  both  E2  and  DHT  induce  luciferase  ac¬ 
tivity  in  LNCaP  cells  transfected  pPB  and  PARR3.  Signifi¬ 
cant  inhibition  of  DHT-  and  E2 -induced  activity  by  10  nM 
TCDD  or  6-MCDE  was  observed  in  cells  transfected  with 
pPB  but  not  PARR3.  The  inhibitory  AhR-AR  crosstalk  in 
LNCaP  cells  transfected  with  pPB  complements  results  of 
previous  studies  using  a  construct  with  a  human  PSA  gene 
promoter  insert  [27].  The  results  obtained  for  PARR3  and 
pPB  also  demonstrate  that  inhibitory  crosstalk  is  promoter 
specific;  differences  may  be  due  to  promoter  flanking  se¬ 
quences  within  the  PB  promoter  that  are  not  present  in  the 
PARR3  construct  and  this  is  currently  being  investigated. 

Both  E2  and  DHT  activated  pPB  and  PARR3  in  LNCaP 
cells,  and  patterns  of  inhibition  by  antiandrogens  and  antie¬ 
strogens  were  comparable  (Pigs.  2  and  3).  Moreover,  ac¬ 
tivation  of  pPB  in  AR-negative  AR-75  cells  [70]  required 
cotransfection  with  AR  expression  plasmid  (Pig.  4).  These 
data  are  consistent  with  previous  results  showing  that  the 
mutant  AR  (Thr877Ala)  expressed  in  LNCaP  cells  exhibits 
increased  responsiveness  to  E2  [71,72]. 

Studies  in  this  laboratory  have  demonstrated  that  in¬ 
hibitory  AhR-ERa  crosstalk  is  associated  with  proteasome- 
dependent  downregulation  of  ERa  that  results  in  limit¬ 
ing  levels  of  this  receptor  [70].  Moreover,  a  recent  report 
also  showed  that  inhibition  of  androgen-induced  transac¬ 
tivation  by  genistein  in  LNCaP  cells  was  associated  with 
genistein-induced  downregulation  of  the  AR  [71].  We 
therefore  investigated  ligand-dependent  changes  in  AR 
protein  levels  in  LNCaP  and  other  prostate  and  breast 
cancer  cells,  and  preliminary  time-course  studies  showed 
that  AR  levels  stabilized  within  6-24  h  after  treatment 
with  hormones  and/or  their  inhibitors.  Results  in  Pig.  5 
illustrate  ligand-dependent  changes  in  AR  protein  levels 
after  treatment  with  hormones,  AhR  agonists,  antiandro¬ 
gen/antiestrogen  compounds  and  their  combinations.  DHT 
increased  levels  of  AR  in  LNCaP  cells  as  previously  re¬ 
ported  [73,74];  similar  responses  were  observed  for  E2  and 
this  parallels  the  androgen-like  activity  of  E2  in  transacti¬ 
vation  assays  (Pigs.  2^).  HPTE  and  ICI  182780  alone  also 
increased  AR  levels  but  did  not  affect  hormone-induced 
upregulation  of  AR  protein.  HPTE  interactions  with  AR 
differ  from  the  AR  antagonist  bicalutamide  which  down- 
regulates  AR  and  prevents  DHT-induced  upregulation 
of  AR  in  LNCaP  cells  [73].  AhR  agonists  also  blocked 
hormone-induced  upregulation  of  AR  protein  and  this 
paralleled  the  inhibitory  AhR-AR  crosstalk  observed  in 
transfection  studies  with  pPB  (Pig.  2).  This  suggests  that 
modulation  of  AR  protein  by  the  AhR  may  contribute  to 
inhibitory  AhR-AR  interactions;  however,  other  factors, 
including  promoter  context,  are  important. 

In  summary,  results  of  this  study  demonstrate  that  TCDD 
and  the  S  AhRM  6-MCDP  inhibit  growth  of  LNCaP  prostate 
cancer  cells  and  inhibit  hormone-induced  upregulation  of 


AR  protein.  In  contrast  to  AhR-dependent  downregulation  of 
ERa  in  breast  cancer  cells,  AhR  agonists  alone  did  not  affect 
AR  levels  in  LNCaP  cells  and  inhibitory  AhR-AR  crosstalk 
in  transactivation  experiments  was  promoter-dependent. 
These  results  suggest  that  ligand-dependent  interactions  be¬ 
tween  the  AhR  and  AR  signaling  pathways  are  complex  and 
current  studies  are  investigating  which  key  growth  regula¬ 
tory  genes  in  LNCaP  cells  are  targeted  by  the  AhR.  (Sup¬ 
ported  by  Department  of  the  Army  DAMD 17-02- 1-0 147). 
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2,  3,  7,  8-Tetr.achlorodibenzo-/)-dioxm  (TCDD)  and  6-methyl- 1.  3,  8- 
rrichlorodibenzofuran  (6-MCDF)  are  ligands  for  the  aryl  hydrocarbon  receptor 
(AhR),  where  6-MCDI'  is  a  weak  AliR  agonist  for  several  TCDD-like  toxic  re¬ 
sponses.  This  study  investigated  the  interactive  effects  of  AhR  ligands  and  steroid 
hormones  on  receptor  proteins,  horraone-iriduced  transcrip donal  activation,  and 
proliferative  re,spon,$es  in  human  prostate  (LNCaP  and  22RV1)  cancer  cells.  Both 
LNCaP  and  22R.V1  cells  express  the  androgen  receptor  (AR),  and  after  treatment 
with  10  nM  dihydtotestosterone  (DHT),  significant  2-  to  4-fold  upregulation  of 
iramunoreactive  AR  protein  is  observed  widiin  3  h,  and  remains  elevated  for  up  to 
24  h.  DHT-induced  upregulation  of  AR  is  inhibited  in  cells  treated  with  TCDD  or 
6-MCDE  In  prostate  ameer  cells  transfected  with  a  construct  (PB-luc)  containing 
an  androgen-responsive  probasin  gene  promoter  insert,  both  TCDD  and  6-MCDF 
significantly  inhibited  DHT-induced  reporter  activity,  whereas  diis  activity  was  not 
inhibited  in  cells  transfected  with  a  construct  containing  only  die  strongly  andro¬ 
gen  responsive  region  (ARR3TK-luc).  Ten  nM  I7p-estradiol  (E2)  also  upregulated 
AR.  levels  in  LNCaP  and  22RV1  prostate  cancer  cells  and  E2  significandy  induced 
reporter  gene  (luciferase)  activity  in  cells  U'ansfected  with  PB-luc  or  ARR31JK-luc. 
TCDD  and  6-MCDF  inhibited  E2-induced  activit)'  only  in  cells  transfected  with 
PB-luc.  E2-induced  activity  in  cells  transfected  with  PB-luc  was  inhibited  by  the  es¬ 
trogen  receptor  (ERP)  antagonist  2,  2-bis(/(-hydroxyphenyl)-l,  1,  1- 
trichloroethane  (HPTE)  and  the  pure  antiestrogen  ICI 1 82, 780,  whereas  the  latter 
compound  did  not  inhibit  DHT-mediated  transactivadon.  These  studies  indicate 
that  ^AhR-AR  crosstalk  is  dependent  on  promoter  context  (i.e.  PB  vs.  ARR3TK). 
Moreover,  our  results  also  suggest  that  E2-responsiveness  of  probasin  may  be  ERp- 
dependent  and  the  inhibitory  effects  of  TCDD  and  6-MCDF  indicate  that  the 
AhR  may  inhibit  ERP-induced  genes  in  pro.state  cancer  cells.  (Supported  by 
DAMD17-02-1-01-47  and  NIH  ES09106) 


1786  ,  CROSS  TALK  BEWEEN  DIOXIN  AND  HYl'OXIA 

SENSING  PATHWAYS:  A  GENE  ARRAY  STUDY. 

K.  N.  De  Abrew^''  and  K.  K.  Graven'  'Medicine,  University  of  Wisconsin, 
Madison,  WI and^Maleadar  attd Environmental  Toxicology  Center,  University  of 
Wisconsin,  Madison,  WI. 

Aldiough  the  cellular  re.sponses  to  2,  3, 7,  8-retrachlorodebenzo-p-dioxin  (TCDD) 
and  die  envhonmental  stress  of  hypoxia  are  well  studied  investigations  of  potential 
cross  t,alk  are  limited.  The  endothelial  response  to  these  combined  stresses  is  un¬ 
known.  Aryl  hydrocarbon  receptor  nuclear  translocator  is  a  common  dimeriaation 
partner  for  both  aryl  hydrocarbon  receptor  and  hypoxia  inducible  factor.  Po.ssible 
cross  talk  between  these  two  pathways  was  studied  using  gene  array  technology. 
Human  lung  microvascular  endothelial  cells  were  exposed  to  lOnM  TCDD,  hy¬ 
poxia  (0%O2)  or  both  TCDD  and  hypoxia  for  24  hrs  and  resulting  RNA  was  ana- 
lyxed  using  AffymetrLx  gene  arrays.  Statistical  analysis  of  triplicate  studies  was  per¬ 
formed  using  .Aflv'metrix  mictoatray  suite  and  Ailymetrix  data  mining  tool.  Ten 
genes  were  upregulated  during  exposure  to  TCDD  alone  and  194  genes  were  up- 
regulated  during  exposure  to  hypoxia  alone.  A  total  of  147  genes  were  upregulated 
during  exposure  to  both  TCDD  and  hypoxia  combined.  The  6  genes  that  were  up¬ 
regulated  only  during  TCDD  exposure  (i.e.  hypoxia  prevented  their  upregulation) 
encoded  proteins  involved  in  oxidant  .stress  response,  certai  n  growtii  factors  and  cel¬ 
lular  receptors.  The  76  genes  that  were  upregulated  only  during  hypoxia  (i.e. 
TCDD  prevented  their  upregulation)  encoded  proteins  involved  in  cell  adhesion, 
extracellular  matrix  formation,  histone  binding  and  certain  cellular  receptors.  The 
common  genes  upregulated  under  TCDD  alone  and  in  combination  with  hypoxia 
represented  members  of  the  cnochrorae  p450  family.  The  common  genes  upregu¬ 
lated  under  hypo.xia  alone  and  in  combination  with  TCDD  represented  a  wide  va¬ 
riety  of  genes  involved  in  tiie  endotiielial  hypoxic  response.  These  results  demon¬ 
strate  that  there  is  cross  talk  between  tire  TCDD  and  hypoxia  sensing  pathways. 


1787  ARYI.,  HYDROCARBON  RECEPTOR-MEDIATED 

INHIBITION  OF  ESTROGEN  RECEPTOR-NEGATIVE 
BREAST  CANCER  CELL  GROWd'H. 

L.  Kotiia  and  S.  Safe.  Veterinary  Physiology  &  Pharmacology,  Texas  A&M  University, 
College  Station,  TX 

The  mecltanisms  of  inhibitory  aryl  hydrocarbon  receptor  (AhR)-estrogen  receptor 
lx  (ERa)  croKtalk  m  brea^  cancer  cells  have  been  extensively  investigated,  and"^~ 
lectivc  AhR  modulators  (SAhRMs)  have  been  developed  for  inhibition  of  ER-posi- 
tive  breast  cancer  cell/tumor  growth,  MDA.-MB-453  and  BT-474  human  breast 
cancer  cells  are  ER-negative  and  their  growdr  is  due,  in  part,  to  overexpression  of 


die  oncogene,  epidermal  growtii  fector  receptor  2  (EGFR2/ErbB2/neu).  In  these 
cell  lines,  there  is  constitutive  activation  of  the  mitogen-activated  protein  kinase 
(MAPK)  and  phosphatidylinositol-3-kina.se  (PI3-K)  signaling  pathways.  Treatment 
of  these  cells  witli  1  or  10  nM  2,  3,  7,  S-teuachlorodibenzo-p-dioxin  (TCDD)  in¬ 
duces  CYPlAl-  or  dioxin  response  element  (DRE)-dependent  activities  confirm¬ 
ing  that  both  cell  lines  are  Ah-respoiusive.  Treatment  of  these  cells  with  25  JiM 
LY294002  or  10  jlM  U1 026  whicli  inhibit  PI3-K  or  MAPK  signaling  also  inhibits 
growth  of  both  cell  lines.  Growth  inhibition  of  these  cells  is  also  observed  after 
treatment  with  10  nM  TCDD.  1-5  RM  6-metb,yl-l,  3,  8-trichlorodibenxofuran 
(6-MCDF).  and  other  SAhRMs.  The.se  AhR-mediared  growth  inhibitory  responses 
are  also  accompanied  by  alterations  of  cell  cycle  progression.  The  effects  of  TCDD 
and  SAhRMs  on  MAPK  and  PI3-K  signaling  pathways  were  investigated  by  deter¬ 
mining  phosphorylation  of  MAPK  antLAkt.  After  .short  term  (3  hr)  treatment  with 
LY294002  or  U1026,  there  was  .significant  inhibition  of  bodi  MARK-  and  PI3-K- 
dependent  phosphorylation,  whereas  inhibitor)'  effects  were  not  observed  for 
SAhRMs.  In  conaast,  after  treatment  for  up  to  72  hr,  SA.hRMs  significantly  de¬ 
creased  activity  of  both  kinases  padiways,  and  the  mechanisms  of  this  response  are 
currently  being  investigated.  (Supported  by  NIH  ES09106  and  ES04176) 


1788  TCDD  INDUCES  A  SUPPRESSION  OF  PPrARy 

EXPRESSION  THAT  INHIBITS  ADIPOCYTE 
DIFFERENTIATION. 

M.  Ciniafranca'  and  C.  R.  lefcoate'^.  'Molecular  &  Environmental  Toxicology 
Center,  Univetsity  ofWisconsin,  Madison,  WI  and^  Pharmacology,  University  of 
Wisconsin,  Madison,  WI. 

C3H10T1/2  cells  (lOTl/2)  are  a  multipotential  mou.se  embryo  fibroblast  cell  line 
that  can  differentiate  into  adipocytes  when  administered  insulin,  dexamethasone, 
and  isobutylmethylxanthine  at  100%  conflueiicy;  the  PPARy  ligand  BRL46593  in- 
cretises  this  differentiation.  We  have  previously  shown  that  PPARy  expression  is  in¬ 
hibited  and  subsequent  lipid  droplet  accumulation  is  greatly  diminished  if  TCDD 
is  administered  48  hours  prior  to  hormonal  stimulation.  Here  we  demonstrate  that 
changes  in  TCDD-induced  AhR  activation  positively  correlate  with  TCDD-medi- 
ated  inhibition  of  PPARy.  The  down  regulation  of  AhR  induction  of  CyplBl ,  sup¬ 
pression  of  PPARy  expression,  and  suppression  of  the  transformation  into 
adipocytes  each  show  a  similar  dependence  on  TCDD  concentration  (ECjj  <  -  2 
—  5pM).  TCDD  suppressed  PPARy  in  an  equally  effective  manner  whether  it  was 
added  48  hours  prior  to  or  up  to  12  hours  after  hormonal  .stimulation;  however,  if 
TCDD  is  administered  24  hours  after  the  hormonal  stimulation,  suppression  of 
PPARy  does  not  occur.  We  have  also  shown  that  the  PPARy  suppression,  whether 
TCDD  treatment  was  initiated.  48  hours  prior  to  or  12  hours  after  hormonal  .stim¬ 
ulation,  depended  on  MEK/ERK  activation  within  die  same  time  period  of  6  -  1.6 
hours  post  hormonal  administration.  The  AhR  antagonist  3’-metho.xy-4’-ni- 
ttoflavone  (3-MNF)  similarly  antagonizes  TCDD  activation  of  AhR,  as  measured 
by  inliibition  of  CyplBl  protein  expression  and  suppre,ssion  of  PPARy  expre,ssion. 
In  order  for  3-MNF  to  antagonize  the  TCDD  effect  on  PPARy,  3-MNF  must  be 
present  during  the  period  of  TCDD/MEK  activity  prior  to  the  onset  of  PPARy 
.stimulation.  We  conclude  that  TCDD  induces  a  protein  that,  in  conjunction  with 
MEK  activity,  ,suppre,sses  PPARy  expression. 


1789  TCDD  INDUCE,S  INCRE,4SED  EX1EE.SSION  OF 

RETINOIC  ACID  METABOLIZING  GENES;  POSSIBLE 
ROLE  IN  ALTERING  PROLIFERATION  AND 
DIFF.ERENT.IATION  IN  HUMAN  KERATINOCYT.ES. 

j .  Zhang,  S.  Ray  and  H.  L  Swanson.  Molecular  and  Biomedical  Phannacology, 
University  of  Kentucky,  Lexington,  KY. 

The  aryl  hydrocarbon  receptor  (AhR),  is  thought  to  mediate  most  of  the  carcino¬ 
genic  iuid.  toxic  effects  ofTCDD  and  related  chemicals  through  the  formation  of  a 
hererodimer  witli  its  DNA  binding  partner,  ARNT  and  transcriptional  regulation 
of  AHR/ARNT  taigct  genes.  We  have  previously  shown  that  administration  of 
TCDD  to  primarv,  human  kerarinocyres  results  in  an  immediate  increase  in  prolifi 
eration,  and  a  decrease  in  replicative  .senescence  and  a  subsequent  increa.se  in  late 
differentiation.  In  an  effort  to  identify  the  gene  pathways  that  regulate  proliferation 
and  differentiation  and  may  be  modified  by  TCDD  and  the  AHR/AILNT  het¬ 
erodimer,  we  have  performed  similar  experiments  and  anafyzed  the  TCDD-in- 
duced  change,s  in  gene  expre,s.sion  u.sing  microarray  ajid  western  blot  analysis.  We 
have  found  that  TCDD  induces  the  mRNA  expression  levels  of  a  number  of  genes 
involved  iti  retinoic  acid  metabolism  (i.e.,  retinol  and  retinoic  acid  dehydrogenases) 
in  a  time  dependent  manner.  In  addition,  significant  changes  in  retinoic  acid  recep- 
ror  (RAR)Tsoforms  were  observed  IrT  the  TCDD-treared  rellsr  Given  tiiat  retiriofo 
acid  is  a  powerful  modulator  of  proliferation  and  differentiation,  we  suggest  that 
die  abilit)'  ofTCDD  to  alter  proliferation  and.  differenratiatton  in  the,se  cells  may 
involve  the  alteration  of  retinoic  acid  homeostasis. 
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SUMMARY 

1,1-Bis(3’-indolyl)methane  (DIM)  exhibits  antiandrogenic  activity  in  LNCaP 
prostate  cancer  cells,  and  this  study  reports  the  structure-dependent 
androgenic/antiandrogenic  activity  of  several  symmetrical  dichloro-  and  dibromoDIM 
isomers.  Initial  transactivation  studies  in  LNCaP  and  22Rv1  cells  transfected  with  an 
androgen  responsive  construct  (pPB)  containing  a  probasin  promoter  insert  showed  that 
both  7, /'-dichloro-  and  7,7'-dibromoDIMs  exhibited  partial  androgenic  activity.  Most  of 
the  other  isomeric  substituted  DIMs,  including  4,4'-dichloroDIM  and  4,4'-dibromoDIM, 
exhibited  antiandrogenic  activity  in  the  transactivation  assay.  Structure-dependent 
differences  were  also  observed  for  the  effects  of  4,4'-  and  7,7'-dihaloDIMs  on  AR 
expression  in  LNCaP  cells.  Like  DIM,  4,4'-dichloroDIM  and  4,4'-dibromoDIM  did  not 
affect  AR  protein  levels  for  up  to  48  hr  and  inhibited  dihydrotestosterone  (DHT)-induced 
responses  without  affecting  cytosolic  or  nuclear  AR  distribution.  In  contrast,  the  AR 
agonist  activity  of  7,7'-dihaloDIMs  was  significantly  decreased  after  48  hr,  and  this  was 
due  to  decreased  AR  mRNA  and  AR  protein  levels,  and  the  latter  response  was 
proteasome-independent.  Results  of  this  study  demonstrate  that  the  antiandrogenic 
activity  of  symmetrical  dihaloDIMs  was  structure-dependent  and  the  7,7'-dihaloDIMs 
exhibited  partial  AR  agonist  activity,  whereas  4,4'-,  5,5'-  and  6,6'-dihaloDIMs  and  DIM 
were  antiandrogens  in  transactivation  assays.  The  mechanisms  of  action  of  ring- 
substituted  DIMS  were  also  structure-dependent  since  4,4'-  and  5,5'-dihaloDIMs  and 
DIM  did  not  affect  AR  expression,  and  6,6'-  and  7,7'-dihaloDIMs  induced  degradation  of 
AR  protein  and  AR  mRNA  levels. 
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INTRODUCTION 

Epidemiological  studies  have  demonstrated  that  high  consumption  of  cruciferous 
vegetables  such  as  cauliflower,  broccoli  and  Brussels  sprouts  are  associated  with 
decreased  risks  for  several  cancers  [1-6].  lndole-3-carbinol  (ISC)  glucosinolates  are 
expressed  in  high  levels  in  Brassica  vegetables,  and  the  anticarcinogenic  activity  of 
these  vegetables  or  their  extracts  in  laboratory  animal  studies  is  associated  with  ISC 
and  related  chemoprotective  phytochemicals  [7-14],  ISC  conjugates  are  rapidly 
hydrolyzed  in  the  acidic  environment  of  the  gut  and  converted  into  structurally  diverse 
condensation  products  including  1,1-bis(S’-indolyl)methane  (DIM)  [15,  16].  At  low  pH, 
the  percentage  conversion  of  ISC  into  DIM  is  minimal;  however  in  cell  culture  studies  at 
pH  6.6  -  7.5,  ISC  is  primarily  converted  into  DIM  [17]  and  both  compounds  induce  many 
of  the  same  responses  in  vitro. 

ISC  and  DIM  exhibit  anticarcinogenic  activity  in  several  animal  models  [7-14,  18, 
19].  For  example,  in  mice  bearing  mouse  TRAMP-C2  prostate  cancer  cells  as 
xenografts,  2.5,  5.0,  and  10.0  mg/kg  (SX  weekly)  DIM  significantly  decreased  tumor 
weight/volume  and  induced  apoptosis  in  the  prostate  tumors  [19],  and  in  vitro  studies 
also  show  that  DIM  induced  apoptosis  in  prostate  cancer  cells  [20].  Results  from 
several  laboratories  show  that  decreased  cancer  cell  survival  after  treatment  with  DIM 
or  ISC  may  be  related  to  activation  of  multiple  and  possibly  overlapping  pathways 
including  modulation  of  cell  cycle  regulatory  proteins,  induction  of  apoptosis  and  ER 
stress,  and  decreased  mitochondrial  membrane  potential  [20-29]. 

Le  and  coworkers  [30]  reported  that  DIM  is  a  potent  androgen  receptor  (AR) 
antagonist  in  LNCaP  prostate  cancer  cells  and  inhibits  dihydrotestosterone  (DHT)- 
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induced  cell  proliferation  and  gene/reporter  gene  expression.  Their  results  showed  that 
the  antiandrogenic  activity  of  DIM  was  associated  with  the  inhibition  of  DHT-induced  AR 
nuclear  translocation,  whereas  DIM  alone  did  not  induce  accumulation  of  nuclear  AR. 
These  results  were  unique  for  DIM  since  other  structural  classes  of  antiandrogens  such 
as  casodex  induce  accumulation  of  nuclear  AR,  which  is  transcriptionally  inactive. 

Previous  studies  in  this  laboratory  have  shown  that  several  ring-  substituted 
DIMS  were  more  potent  than  DIM  as  inhibitors  of  carcinogen-induced  mammary  tumor 
growth  in  Sprague-Dawley  rats  [31,  32].  The  major  objective  of  this  study  was  to 
determine  the  structure-dependent  antiandrogenic  activities  of  a  series  of  ring- 
substituted  DIMS  and  identify  potential  new  antiandrogens  for  treatment  of  prostate 
cancer.  A  series  of  symmetrical  dichloro-  and  dibromoDIM  isomers  were  investigated 
as  antiandrogens  and  androgens  in  AR-responsive  LNCaP  and  22Rv1  prostate  cancer 
cells  transfected  with  the  androgen-responsive  pPB  construct,  which  contains  the  -288 
to  +28  region  of  the  probasin  gene  promoter  linked  to  the  luciferase  gene  [33,  34].  Most 
of  the  ring-substituted  DIMs  exhibited  antiandrogenic  activity;  7, /’-dichloro-  and  7,7’- 
dibromoDIMs  were  only  partial  AR  antagonists,  and  the  compounds  alone  exhibited 
partial  androgenic  activity  in  the  transactivation  assay.  The  antiandrogenic/androgenic 
responses  of  4,4'-  and  7,7'-dihaloDIMs  were  further  investigated  by  determining  their 
effects  on  AR  levels  and  expression  of  the  androgen-responsive  FKBP51  protein  in 
LNCaP  cells  [35].  The  antiandrogenic  activities  of  4,4’-dihaloDIMs  were  confirmed  in 
these  assays;  however  both  7,7’-dibromo-  and  7,7’-dichloroDIM  uniquely  downregulated 
AR  mRNA  and  protein  levels  after  treatment  for  48  hr. 
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MATERIALS  AND  METHODS 

Cell  Lines  and  Reagents.  Human  prostate  carcinoma  cell  lines  LNCaP  and 
22Rv1  were  obtained  from  American  Type  Culture  Collection  (Manassas,  VA).  Fetal 
bovine  serum  was  obtained  from  JRH  Biosciences,  Lenexa,  KS.  Cells  were  maintained 
in  RPMI  1640  (Sigma  Chemical  St.  Louis,  MO)  supplemented  with  0.22%  sodium 
bicarbonate,  0.011%  sodium  pyruvate,  0.45%  glucose,  0.24%  HEPES,  10%  FBS,  and 
10  mL/L  of  lOOx  antibiotic  antimycotic  solution  (Sigma).  Cells  were  maintained  at  37°C 
in  the  presence  of  5%  CO2.  Antibodies  for  AR  (sc-  816),  Spl  (sc-59),  and  FKBP  51  (se¬ 
ll  51 4)  were  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Reporter 
lysis  buffer  and  luciferase  reagent  for  luciferase  studies  were  purchased  from  Promega 
(Madison,  Wl).  p-Galactosidase  (p-Gal)  reagent  was  obtained  from  Tropix  (Bedford, 
MA).  Lipofectamine  reagents  were  supplied  by  Invitrogen  (Carlsbad,  CA).  Western 
Lightning  chemiluminescence  reagents  were  from  Perkin-Elmer  Life  Sciences  (Boston, 
MA).  Dihydrotestosterone  was  purchased  from  Sigma.  MG132  was  obtained  from 
Calbiochem  (San  Diego,  CA)  and  gliotoxin  was  kindly  provided  by  Dr.  Alan  Taylor, 
Atlantic  Regional  Laboratory,  National  Research  Council  (Halifax,  Canada).  The  ring- 
substituted  DIMS  were  prepared  in  this  laboratory  by  condensation  of  ring-substituted 
indoles  and  formaldehyde  or  by  self-condensation  of  ring-substituted  indole-3-carbinols; 
compounds  were  >95%  pure  by  gas  chromatography-mass  spectrometry  as  previously 
described  [31,  32].  All  substitute  indoles  were  purchased  from  the  Aldrich  Chemical  Co. 
(Milwaukee,  Wl). 
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Plasmids.  The  pPB  reporter  containing  -288  to  +28  region  of  the  probasin  gene 
promoter  was  kindly  provided  by  Dr.  Robert  Matusik  (Vanderbilt  University  Medical 
Centre). 

Transfection  and  Luciferase  Assay.  Prostate  cancer  cells  were  plated  in  12- 
well  plates  at  2.5  x  10^  cells/well  in  DMEM:Ham’s  F-12  media  supplemented  with  2.5% 
charcoal-stripped  FBS.  After  overnight  attachment,  cells  were  transfected  with  400  ng 
of  pPB  and  50  ng  of  p-galactosidase  reporter  plasmid,  using  Lipofectamine  reagent 
(Invitrogen)  according  to  the  manufacturer’s  recommended  protocol.  Cells  were 
transfected  and,  after  8-9  hr,  the  transfection  mix  was  replaced  with  5%  charcoal- 
stripped  FBS  media  containing  either  vehicle  (DMSO)  or  the  indicated  DIM-isomer  and 
incubated  for  36  -  38  hr.  Based  on  results  of  preliminary  studies  showing  that 
responses  were  not  observed  at  concentrations  <1.0  pM,  concentrations  ranging  from  5 
-  15  (for  6,6'-dichloroDIM)  or  5  -  20  pM  were  used.  Cytotoxicity  was  observed  at  higher 
doses.  Cells  were  then  lysed  with  100  mL  of  lx  reporter  lysis  buffer,  and  30  pL  of  cell 
extract  were  used  for  luciferase  and  p-galactosidase  assays.  Lumicount  (Parkard, 
Meriden,  CT)  was  used  to  quantitate  luciferase  and  p-galactosidase  activities,  and  the 
luciferase  activities  were  normalized  to  p-gal  activity. 

Western  Blot  Analysis.  LNCaP,  and  22Rv1  prostate  cells  were  seeded  in  100 
mm  plates  in  DMEM:Flam’s  F-12  media  containing  2.5%  charcoal-stripped  FBS  and 
allowed  to  attach  overnight,  followed  by  treatment  with  either  the  vehicle  (DMSO)  or  the 
indicated  compounds  for  the  desired  time  points.  Nuclear  and  cytoplasmic  fractionating 
kit  (Pierce  Biotechnology,  Rockford,  IL)  was  used  to  obtain  the  nuclear  and  cytoplasmic 
lysates.  For  whole  cell  lysates  cells  were  scraped  in  500  pL  of  lysis  buffer  [50  mM 
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HEPES,  0.5  M  sodium  chloride,  1.5  mM  magnesium  chloride,  1  mM  EGTA,  10%  v/v 
glycerol,  1%  Triton  X,  and  5  |uL/ml  of  Protease  Inhibitor  Cocktail  (Sigma)].  The  lysates 
were  incubated  on  ice  for  1  -  1 .5  hr  with  intermittent  vortexing  followed  by  centrifugation 
at  40,000  g  for  10  min  at  4°C.  Protein  levels  were  estimated  using  Bradford  reagent; 
equal  amounts  of  protein  were  diluted  with  loading  buffer  and  boiled  for  4  min,  and 
loaded  onto  10%  SDS-polyacrylamide  gel.  After  electrophoresis,  gels  were  transferred 
to  polyvinylidene  difluoride  membrane  (Bio-Rad,  Hercules,  CA)  using  an  electroblotting 
apparatus  overnight  at  4°C  in  transfer  buffer  containing  48  mM  Tris-CI,  29  mM  glycine, 
and  0.025%  SDS.  The  membranes  were  blocked  with  TBS  [10  mM  Tris-HCI  (pH  8)  and 
150  mM  sodium  chloride]  plus  5%  milk  (blotto-buffer)  for  1  hr,  and  then  incubated  in 
primary  antibody  at  1:1000  dilution  in  blotto  buffer  at  4°C  overnight,  followed  by  one 
min  washes  (2X)  and  incubation  with  secondary  antibody  for  3  -  5  hr  at  4°C. 
Membranes  were  then  rinsed  with  water  and  incubated  in  enhanced 
chemiluminescence  (ECL)  reagents  (Perkin  Elmer,  Boston,  MA)  for  1  min,  removing 
excess  ECL  with  paper  towelette.  The  membrane  was  sealed  in  plastic  wrap  and 
photographed  for  immunoreactive  bands  using  ECL  hyperfilm. 

RNA  Extraction  and  cDNA  Synthesis.  Total  RNA  was  extracted  using 
Quiagen  RNeasy  Protect  (Quiagen,  Valencia,  CA)  according  to  the  manufacturer’s 
instruction.  RNA  was  quantitated  and  5  pg  was  used  for  reverse  transcription  using  the 
Superscript  II  reverse  transcriptase  (Invitrogen). 

Real-Time  PCR.  The  cDNA  was  amplified  in  a  real-time  PCR  using  SYBR 
Green  PCR  master  mix  (Applied  Biosystems,  Foster  City,  CA)  and  10  pM  primers  for 
AR.  The  reactions  were  performed  in  an  ABI  PRISM  model  7700  sequence  detector 
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(Applied  Biosciences,  Foster  City,  CA).  The  PCR  conditions  were  as  follows:  50°C  for 
2  min,  95°C  for  10  min,  40  cycles  at  95°C  for  15  min,  and  60°C  for  1  min.  The 
sequences  for  the  AR  primers  were  as  follows:  forward  primer,  5’  gta  ccc  tgg  egg  cat 
ggt  3’;  and  reverse  primer,  5’  ccc  att  teg  ett  ttg  aca  ca  3’.  The  TATA  binding  protein 
(TBP)  was  used  as  a  reference  standard  for  quantitating  AR  mRNA.  The  primers  for 
TBP  are  as  follows:  forward  primer,  5’  tgc  aca  gga  gcc  aag  agt  gaa  3’,  and  reverse 
primer,  5’  cac  ate  aca  get  ccc  cac  ca  3’. 

Statistical  Analysis.  Statistical  differences  between  different  groups  were 
determined  by  ANOVA  and  Scheffe’s  test  for  significance.  The  data  are  presented  as 
mean  ±  SE  for  at  least  three  separate  determinations  for  each  treatment. 
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RESULTS 

1 .  DIM  and  ring-substituted  DIMs:  AR  agonist  and  antagonist  activities  in 
transactivation  assays 

Previous  studies  show  that  DIM  exhibits  AR  antagonist  activity  in  LNCaP  cells 
and  inhibits  DHT-induced  PSA  protein  and  reporter  gene  activity  in  cells  transfected 
with  androgen-responsive  constructs  [30].  In  this  study,  the  antiandrogenic  activity  of 
DIM  has  been  investigated  in  LNCaP  and  22Rv1  prostate  cancer  cells  transfected  with 
the  androgen-responsive  pPB  construct  (Fig.  1).  Both  cell  lines  express  mutant  forms 
of  the  AR;  however,  DHT  activates  the  receptor  in  LNCaP  and  22Rv1  cells  [36,  37]. 
The  results  show  that  DHT  but  not  DIM  alone  significantly  induced  luciferase  activity  in 
LNCaP  and  22Rv1  cells  transfected  with  pPB.  In  cells  cotreated  with  DHT  plus  DIM 
and  transfected  with  pPB,  hormone-induced  luciferase  activity  was  significantly 
decreased  at  DIM  concentrations  of  5,  10  and  20  pM.  These  results  confirm  that  DIM 
inhibits  activation  of  the  androgen  responsive  pPB  construct  by  DHT  in  both  LNCaP  and 
22Rv1  cells  and  complements  results  of  a  previous  report  on  the  antiandrogenic  activity 
of  DIM  [30]. 

Ring-substituted  DIMs  also  exhibit  potent  anticancer  activities  [31,  32];  however, 
the  structure-dependent  effects  of  these  compounds  as  antiandrogens  have  not  been 
reported.  This  study  investigates  the  AR  antagonist  and  agonist  activities  of 
symmetrical  dihaloDIMs  containing  substituents  in  the  4,  5,  6,  and  7  positions  of  the 
benzene  ring.  The  structure-dependent  AR  antagonist/agonist  activities  of  4,4’-,  5,5’-, 
6,6’-,  and  7,7’-dichloro-  and  -dibromoDIMs  were  investigated  in  LNCaP  and  22Rv1  cells 
transfected  with  the  PB  construct  (Figs.  2  and  3).  The  dichloro-  and  dibromoDIM 
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isomers  induce  similar  structure-dependent  responses  in  both  cell  lines.  The  results 
obtained  for  the  dichloroDIM  isomers  show  that  4,4’-,  5,5’-,  and  6,6’-dichloroDIM  were 
AR  antagonists  in  LNCaP  and  22Rv1  cells  (Figs.  2A  and  2B),  although  their  AR 
antagonist  activity  was  more  pronounced  in  the  latter  cell  line.  7, /’-DichloroDIM  was  a 
partial  AR  agonist/antagonist  in  both  cell  lines  (Figs.  2C  and  2D),  whereas  the  other 
isomers  did  not  exhibit  AR  agonist  activities.  The  pattern  of  antiandrogenic/androgenic 
activities  for  the  isomeric  dichloroDIMs  (Fig.  2)  was  similar  to  that  observed  for  the 
brominated  analogs  (Fig.  3).  4,4’-,  5,5’-  and  6,6’-DibromoDIM  primarily  exhibited 

antiandrogenic  activities  in  LNCaP  and  22Rv1  cells  (Figs.  3A  and  3B),  and  7,7’- 
dibromoDIM  was  a  partial  AR  agonist/antagonist  in  both  cell  lines  (Figs.  3C  and  3D). 

2.  Structure-dependent  effects  of  isomeric  dihaloDIMs  on  AR  protein  expression 

The  antiandrogenic  activity  of  DIM  was  associated  with  inhibition  of  DFIT-induced 
formation  of  nuclear  AR  [30];  however,  other  compounds  such  as  tea  polyphenols  and 
emodin  inhibit  androgen  responsiveness  through  downregulation  of  AR  protein  [38,  39]. 
We  therefore  investigated  the  effects  of  the  dichloroDIM  (Fig.  4A)  and  dibromoDIM  (Fig. 
4B)  isomers  on  AR  protein  expression  in  LNCaP  cells.  Cells  were  treated  with  different 
concentrations  of  the  individual  compounds  for  24  hr  and  whole  cell  lysates  were 
analyzed  for  AR  protein  by  Western  blot  analysis.  4,4'-  and  5,5'-DichloroDIM  (up  to  20 
pM)  did  not  affect  AR  protein  levels;  however,  AR  protein  expression  was  decreased  by 
both  6,6'-  and  7, /'-dichloroDIM.  Results  are  shown  only  for  15  pM  6,6'-dichloroDIM  due 
to  the  high  cytoxicity  of  this  compound.  Results  in  Figure  4B  for  the  dibromoDIMs  gave 
a  similar  pattern  of  isomer-dependent  responses,  namely  4,4'-dibromoDIM  had  minimal 
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effects  on  levels  of  AR  protein,  whereas  both  6,6'-  and  7,7'-dibromoDIM  decreased  AR 
levels.  5,5'-DibromoDIM  also  decreased  expression  of  AR  protein  but  only  at  the  20  pM 
concentration.  These  results  demonstrate  remarkable  differences  in  the  effects  of  4,4'- 
/5,5'-dihloDIMs  and  6,6'-/7,7'-dihaloDIMs  on  AR  protein  expression  in  LNCaP  cells,  and 
these  differences  were  further  investigated  using  the  4,4'  and  7,7'-dihaloDIM  as 
prototypes. 

Previous  studies  showed  that  nuclear  levels  of  AR  increased  after  treatment  of 
LNCaP  cells  with  DHT  for  24  hr,  and  DHT-induced  nuclear  translocation  of  AR  was 
inhibited  after  cotreatment  with  DIM  [30].  Figure  5A  summarizes  the  effects  of  20  pM 
4,4’-  and  7,7’-dichloroDIM,  20  pM  DIM  and  10  nM  DHT  on  cytosolic  and  nuclear  AR 
levels  after  treatment  for  1  and  24  hr.  Minimal  changes  in  cytosolic  (c)  and  nuclear  (n) 
AR  levels  were  observed  in  all  treatment  groups  (compared  to  DMSO)  after  1  hr,  and  no 
major  changes  in  AR  protein  staining  in  the  cytosolic  or  nuclear  fractions  were  observed. 
In  cells  treated  for  24  hr,  DHT  induced  a  more  intense  staining  of  AR  in  the  nuclear 
fraction  and  enhanced  overall  AR  staining  (c+n)  compared  to  cells  treated  with  DMSO 
alone  (c+n).  This  was  observed  in  replicate  experiments  and  is  consistent  with  results 
of  previous  studies  showing  that  DHT  enhanced  AR  expression  in  LNCaP  cells  [33,  40, 
41].  Both  DIM  and  4,4’-dichloroDIM  alone  also  enhanced  AR  levels  in  both  the  cytosolic 
and  nuclear  fractions;  however,  in  combination  with  DHT,  these  compounds  did  not 
block  DHT-induced  formation  of  nuclear  AR,  and  this  was  in  contrast  to  a  previous 
report  showing  that  DIM  inhibited  this  response[30].  In  contrast,  7,7’-dichloroDIM  alone 
decreased  nuclear  and  cytosolic  AR  levels  after  treatment  for  24  hr  and,  in  combination 
(DHT  +  7,7’-dichloroDIM),  the  DHT-induced  nuclear  AR  levels  were  only  slightly 
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decreased.  The  observed  downregulation  of  AR  protein  in  both  the  cytosolic  and 
nuclear  fractions  (Fig.  5A)  complements  the  results  observed  for  AR  levels  in  whole  cell 
lysates  from  cells  treated  with  7,7'-dichloroDIM  (Fig.  5A).  Spl  protein  served  as  a 
loading  control  for  this  study,  and  the  identification  of  Spl  only  in  the  nuclear  fraction 
confirms  the  efficiency  of  the  separation  of  nuclear  and  cytosolic  fractions. 

In  two  separate  experiments  (1  and  24  hr),  the  effects  of  DMSO,  DHT,  4,4’-  and 
7,7’-dibromoDIM  on  AR  levels  were  determined  in  LNCaP  cells  (Fig.  5B).  The  pattern 
of  effects  for  the  dibromoDIMs  alone,  and  in  combination  with  DHT  was  similar  to  those 
observed  for  the  dichloroDIM  isomers.  DHT  and  4,4’-dibromoDIM  induced  a  time- 
dependent  increase  in  AR  levels  (compared  to  DMSO).  Interaction  of  4,4'-dibromoDIM 
with  DHT  decreased  the  ratio  of  nuclear/cytosolic  levels  of  AR;  however,  this  could  be 
an  additive  effect  since  the  former  compounds  alone  induced  higher  cytosolic  AR  levels. 
In  contrast,  cytosolic  and  nuclear  AR  protein  levels  were  decreased  after  treatment  with 
7,7’-dibromoDIM  alone  for  24  hr.  In  cells  cotreated  with  7,7’-dibromoDIM  plus  DHT,  AR 
levels  and  their  distribution  were  similar  to  those  observed  for  DHT  alone.  Both  7,7’- 
dibromo-  and  7,7’-dichloroDIM  appeared  to  induce  a  time-dependent  decrease  in  AR 
protein,  whereas  DHT,  DIM  and  4,4’-dichloro-,  and  4,4’-dibromoDIM  increased  or 
stabilized  AR  protein  in  LNCaP  cells.  This  was  further  investigated  in  LNCaP  cells 
treated  for  48  hr  with  DHT,  4,4’-  and  7,7’-dihaloDIMs  followed  by  Western  blot  analysis 
of  whole  cell  lysates.  Results  in  Figure  6A  confirm  that  7,7’-dichloro-  and  7,7’- 
dibromoDIM  decreased  AR  protein  expression  (compared  to  DHT),  whereas  AR  levels 
after  treatment  with  the  corresponding  4,4’-dihaloDIMs  (Fig.  6B)  were  significantly 
higher  than  observed  in  cells  treated  with  the  7,7’-dihaloDIMs  (Fig.  6A).  We  also 
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observed  that  Spl  protein  was  also  slightly  decreased  only  after  prolonged  treatment 
with  the  7,7’-dihaloDIMs. 

3.  Effects  of  dihaloDIM  isomers  on  AR  protein  and  mRNA  levels  and  their 

antiandrogenic  activities  in  LNCaP  cells 

The  potential  role  of  proteasome  activation  in  mediating  downregulation  of  AR 
was  investigated.  LNCaP  cells  were  treated  with  7,7’-dihaloDIMs  for  48  hr  in  the 
presence  or  absence  of  the  proteasome  inhibitors  gliotoxin  or  MG132  (Fig.  6C). 
Western  blot  analysis  of  whole  cell  lysates  showed  that  7,7’-dichloro-  and  7,7’- 
dibromoDIM  significantly  decreased  AR  protein  compared  to  levels  observed  in  solvent- 
treated  cells,  and  cotreatment  with  the  proteasome  inhibitors  further  increased  AR 
degradation.  The  proteasome  inhibitors  alone  also  decreased  AR  protein,  whereas 
4,4’-dichloro-  and  4,4’-dibromoDIM  did  not  affect  AR  protein.  The  data  indicated  that 
decreased  AR  protein  in  LNCaP  cells  treated  with  7,7’-dihaloDIMs  is  not  due  to 
activation  of  the  proteasome  pathway.  The  time-dependent  effects  of  7,7’-dihaloDIMs 
on  AR  mRNA  levels  was  determined  (Fig.  6D),  and  the  results  show  that  mRNA  levels 
are  significantly  decreased  within  24  and  48  hr  (data  not  shown).  We  also  investigated 
the  effects  of  7,7'-dichloroDIM  on  AR  mRNA  stability  by  pretreating  cells  with  DMSO  or 
20  pM  7,7'-dichloroDIM  for  12  hr  prior  addition  of  actinomycin  D.  The  results  showed  an 
initial  6  -  12  hr  increase  in  AR  mRNA  levels  after  addition  of  actinomycin  D;  however, 
the  subsequent  rates  of  degradation  of  AR  mRNA  in  the  DMSO  and  7,7'-dichloroDIM 
treatment  groups  were  comparable  (data  not  shown).  These  data  indicate  that  7,7’- 
dihaloDIMs  decrease  both  transcriptional  and  translational  regulation  of  the  AR. 
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Results  of  transient  transfection  studies  showed  that  both  7,7’-dibromo-  and  7,7’- 
dichloroDIM  were  partial  AR  agonists  and  AR  antagonists  (Figs.  2  and  3),  and  the 
former  was  observed  after  treatment  for  36  hr.  This  AR  agonist  activity  of  7,7'- 
dihaloDIMs  is  inconsistent  with  their  effects  on  AR  and  it  is  possible  that  7,7’-dihaloDIM- 
induced  androgenic  activity  after  36  hr  (Figs.  2  and  3)  may  be  due  to  the  relatively  slow 
rate  of  AR  degradation.  We  therefore  investigated  the  time-dependent  effects  of  7,7’- 
dihaloDIMs  on  androgen-responsiveness  in  LNCaP  cells  transfected  with  pPB  (for  9  hr), 
and  then  treated  with  different  concentrations  of  7,7’-dihaloDIMs  for  24,  36  or  48  hr  (Fig. 
7k).  The  results  indicated  that  after  36  hr,  5  -  20  pM  7,7’-dichloroDIM  significantly 
induced  luciferase  activity;  however,  this  response  was  significantly  decreased  after 
treatment  for  24  or  48  hr  and  similar  results  were  observed  for  7,7’-dibromoDIM  (data 
not  shown).  The  decreased  AR  agonist  activity  of  7,7'-dichloroDIM  after  48  hr  is 
consistent  with  the  effects  of  this  compound  on  AR  protein  degradation  (Fig.  6A). 

A  recent  study  identified  a  51  kDa  progesterone  receptor-associated 
immunophilin,  FKBP51,  as  an  androgen-responsive  gene  in  prostate  cancer  cells  [35], 
and  the  effects  of  4,4’-dichloro-  and  4,4’-dibromoDIM  alone  and  in  combination  with 
DHT  were  investigated  in  LNCaP  cells  48  hr  after  treatment  (Fig.  7B).  DHT  alone 
enhanced  FKBP51  protein  expression,  whereas  4,4’-dichloro-  and  4,4’-dibromoDIM  did 
not  affect  levels  of  FKBP51.  In  cells  cotreated  with  DHT  plus  4,4’-dichloro-  or  4,4’- 
dibromoDIM,  the  hormone-induced  response  was  inhibited  by  both  DIM  compounds  and 
this  was  consistent  with  their  antiandrogenic  activity  in  transactivation  assays  (Figs.  2 
and  3).  Minimal  induction  of  FKBP51  was  observed  after  treatment  with  7,7’-dichloro- 
or  7,7’-dibromoDIM  (data  not  shown)  and  this  may  be  due,  in  part,  to  the  low  levels  of 
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AR  expression  in  LNCaP  cells  treatment  with  these  compounds  for  48  hr.  In  summary, 
these  results  indicate  that  ring-substituted  DIMs  and  DIM  differentially  modulate 
androgenic  responses  in  prostate  cancer  cells  and  subtle  changes  in  the  position  of  the 
ring  substituents  of  the  dihaloDIMs  (i.e.  4  vs.  7)  can  modulate  their  mechanisms  of 
antiandrogenic  action  and  effects  on  AR  expression. 
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DISCUSSION 

ISC  and  DIM  inhibit  growth  of  several  cancer  cell  lines  through  multiple 
mechanisms  and  these  compounds  also  directly  activate  receptors.  ISC  and/or  DIM 
interact  with  the  AhR,  the  fish  ER  and  AR  [15-18],  and  ring-substituted  DIMs  also 
activated  the  AhR  [SI,  S2].  A  recent  study  showed  that  DIM  competitively  bound  the  AR 
and  decreased  DHT-induced  transactivation/gene  expression  in  LNCaP  cells  [SO].  The 
mechanism  of  the  antiandrogenic  activity  of  DIM  was  novel  since  this  compound 
inhibited  DHT-induced  nuclear  translocation  of  the  cytosolic  AR  [SO],  whereas  other 
antiandrogens  do  not  block  nuclear  translocation  of  the  AR  but  form  transcriptionally 
inactive  nuclear  AR  complexes  [42,  4S].  This  study  reports  the 

androgenic/antiandrogenic  activity  of  a  series  of  symmetrical  ring-substituted  DIMs  to 
delineate  possible  structure-dependent  effects  that  modulate  their  activities. 

Results  in  Figures  2  and  S  demonstrated  that  like  DIM  (Fig.  1),  the  symmetrically 
substituted  dichloro-  and  dibromoDIM  isomers  also  inhibited  DHT-induced 
transactivation  in  LNCaP  and  22Rv1  prostate  cancer  cells.  The  assay  system  used  the 
androgen  responsive  pPB  construct,  which  contains  the  -288  to  +28  region  of  the 
probasin  reporter  linked  to  firefly  luciferase  [33,  34].  The  antiandrogenic  activities  of  the 
compounds  were  similar  in  both  cell  lines;  however,  with  few  exceptions  their  overall 
potencies  were  higher  in  LNCaP  than  22Rv1  cells.  We  also  investigated  the  structure- 
dependent  AR  agonist  activities  of  ring-substituted  DIMs  in  cells  transfected  with  pPB. 
7, /’-Dichloro-  and  7,7’-dibromoDIM  were  partial  AR  agonists  and  partial  antagonists  in 
both  cell  lines  (Figs.  2  and  3),  and  their  androgenic  potencies  were  at  least  three  orders 
of  magnitude  lower  than  that  of  DHT.  In  contrast,  symmetrical  4,4’-,  5,5’-,  6,6’-dichloro- 


Submitted  to  Mol.  Carcinog. 


18 


and  -dibromoDIMs  primarily  exhibited  antiandrogenic  activity  in  this  transactivation 
assay  in  both  cell  lines.  Other  symmetrical  ring-substituted  methyl,  methoxy  and 
fluoroDIM  analogs  also  exhibited  antiandrogenic  activity  and  a  few  of  these  isomers 
were  also  partial  AR  agonists;  however,  these  activities  also  depended  on  cell  context 
and  were  not  further  investigated  (data  not  shown). 

The  structure-dependent  effects  of  dihaloDIMs  on  AR  expression  clearly 
differentiated  between  the  4,4'-/5,5'-  and  6,6'-/7,7'-dihaloDIMs  since  the  latter 
compounds  downregulated  AR  protein,  whereas  minimal  effects  were  observed  for  4,4'- 
and  5,5'-dihaloDIMs  (Fig.  4).  6,6'-DichloroDIM  exhibited  significant  cytotoxicity  at 
concentrations  >  10  pM  and,  therefore,  structure-dependent  differences  in  the  activities 
of  the  dihaloDIM  isomers  were  further  investigated  using  4,4’-  and  7,7’-dichloro- 
and  -dibromoDIMs  as  models  in  LNCaP  cells.  Previous  studies  show  that  DHT 
stabilizes  the  AR  (compared  to  DMSO)  resulting  in  increased  AR  expression  for  at  least 
24  hr  after  treatment  [33,  40,  41],  and  results  of  this  study  also  showed  that  treatment 
with  DHT  increased  AR  protein  (Figs.  5  and  6).  We  directly  compared  AR  protein  levels 
in  LNCaP  cells  treated  with  DMSO  (control),  DHT,  4,4’-dichloro-,  7,7’-dichloro-,  4,4’- 
dibromo-,  7,7’-dibromoDIM,  DIM  alone,  and  DHT  plus  the  DIMs  (in  combination)  for  1 
and  24  hr  (Fig.  5).  The  most  pronounced  changes  were  observed  in  the  24  hr  treatment 
group,  where  DHT,  DIM,  4,4’-dichloro-  and  4,4’-dibromoDIM  stabilized  the  AR 
(compared  to  DMSO).  DHT  alone  induced  nuclear  translocation  of  the  AR;  however,  in 
contrast  to  a  previous  report  with  DIM  [30],  results  of  this  study  showed  that  DIM  and 
4,4’-dihaloDIMs  did  not  markedly  inhibit  DHT-induced  AR  translocation  and  the 
combined  treatments  tended  to  give  additive  effects  (Fig.  5).  7,7’-DichloroDIM  also  had 
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minimal  effects  on  DHT-induced  translocation  of  the  AR;  however,  both  7,7’-dichloro- 
and  7,7’-dibromoDIM  alone  did  not  stabilize  the  AR  protein  after  treatment  for  24  hr. 

Compared  to  treatment  with  DHT,  DIM  or  the  4,4’-dihalo-DIMs,  7,7’-dichloro-, 
and  7,7’-dibromoDIM  significantly  decreased  AR  protein  and  mRNA  levels  in  LNCaP 
cells  (Fig.  6).  Downregulation  of  AR  by  these  compounds  was  similar  to  the  reported 
time-dependent  decrease  of  AR  protein  in  LNCaP  cells  after  treatment  with  tea 
polyphenol  epigallocatechin  (ECCG)  [38].  It  was  hypothesized  that  the  effects  of  ECCG 
were  due  to  downregulation  of  Spl  protein,  which  also  plays  a  role  in  regulating  AR 
expression.  We  also  observed  that  the  7,7’-dihaloDIMs  slightly  decreased  Spl  protein 
expression  after  treatment  for  48  hr  (Figs.  6A  and  6B).  This  may  contribute,  in  part,  to 
the  lower  expression  of  AR  in  these  cells  but  cannot  fully  explain  the  dramatic  drop  in 
AR  protein.  A  recent  study  reported  that  the  phytochemical  emodin  inhibited  AR- 
dependent  transactivation  in  prostate  cancer  cells,  and  this  was  associated  with 
inhibition  of  AR  nuclear  translocation  and  activation  of  proteasome-dependent 
degradation  of  AR  protein  [39].  The  effects  of  emodin  on  AR  protein  in  LNCaP  cells 
were  blocked  by  the  proteasome  inhibitor  MG132,  and  emodin  did  not  affect  AR  mRNA 
levels.  In  contrast  7,7’-dihaloDIM-induced  degradation  of  AR  protein  was  not  blocked 
by  the  proteasome  inhibitors  gliotoxin  or  MG132  (Fig.  6C),  and  these  compounds 
induced  a  time-dependent  decrease  in  both  AR  mRNA  and  protein  levels.  We  did  not 
observe  any  compound-induced  changes  in  AR  mRNA  stability  (data  not  shown), 
suggesting  a  transcriptional  mechanism  of  action  which  is  being  currently  investigated. 
These  results  clearly  distinguished  between  the  effects  of  7,7’-dihaloDIMs  with  other 
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compounds  such  as  emodin  and  ECCG  which  also  affect  AR  mRNA  and  protein 
expression  in  LNCaP  cells. 

Although  the  initial  in  vitro  screening  assays  showed  that  7,7’-dihaloDIMs 
exhibited  potential  AR  agonist  activity  in  transactivation  assays,  we  further  investigated 
the  effects  of  duration  of  treatment  on  their  androgenic  activity.  7,7’-DihaloDIMs 
induced  transactivation  in  LNCaP  cells  transfected  with  pPB  and  treated  for  36  hr  (Fig. 
7A).  However,  after  48  hr,  this  response  was  significantly  decreased  and  this  was 
consistent  with  decreased  AR  expression  at  this  time  point,  suggesting  that  the  partial 
androgenic  activity  of  these  compounds  is  reversed  after  longer  periods  of  exposure 
due  to  AR  downregulation. 

The  AR  agonist  activity  of  the  7,7’-dihaloDIMs  was  also  affected  by  lower  AR 
expression  since  these  compounds  did  not  significantly  induce  FKBP  protein  in  LNCaP 
cells  (data  not  shown).  The  androgen-responsive  FKBP  protein  is  maximally  induced 
by  DHT  only  after  treatment  for  48  hr,  and  4,4’-dichloro-  and  4,4’-dibromoDIM  inhibited 
this  response  (Fig.  7B). 

In  summary,  results  of  this  study  confirm  that  DIM  and  several  symmetrical  ring- 
substituted  DIM  congeners  exhibit  antiandrogenic  activity.  In  addition,  some  isomers, 
notably  7,7’-dichloro-  and  7,7’-dibromoDIM  also  exhibit  partial  time-dependent 
androgenic  activity  in  transfection  assays,  and  these  results  illustrate  that  subtle 
changes  in  the  phenyl  ring  substitution  pattern  have  marked  effects  on  the  androgenic 
activity  of  the  dihaloDIMs.  At  the  concentrations  used  in  this  study,  the  antiandrogenic 
activity  of  the  4,4’-dihaloDIMs  was  not  related  to  inhibition  of  DHT-induced  nuclear 
translocation  of  AR.  Our  results  suggest  that  the  antiandrogenic  activity  of  DIM  and 
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4,4’-dihaloDIMs  may  be  complex  and  involve  multiple  pathways  including  inhibition  of 
nuclear  AR-dependent  transactivation.  We  also  observed  that  6,6'-dihaloDIMs  and  7,7’- 
dihaloDIMs  decreased  AR  expression  in  LNCaP  cells,  and  current  studies  are 
investigating  the  potential  clinical  importance  of  these  and  other  effects  of  ring- 
substituted  DIMS  on  the  growth  of  prostate  cancer  cells/tumors  in  both  in  vitro  and  in 
vivo  models. 
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FIGURE  CAPTIONS 

Figure  1.  Antiandrogenic  activity  of  DIM.  LNCaP  (A)  or  22Rv1  (B)  cells  were 
transfected  with  pPB,  treated  with  DHT,  5  -  20  pM  DIM  alone  or  in  combination  with 
DHT,  and  luciferase  activity  determined  as  described  in  the  Materials  and  Methods. 
Results  are  expressed  as  means  ±  SE  for  at  least  3  determinations  per  treatment  group, 
and  significant  (p  <  0.05)  induction  (*)  or  inhibition  (**)  in  the  cotreatment  groups  are 
indicated. 

Figure  2.  Antiandrogenic  and  androgenic  activity  of  isomeric  dichloroDIMs  in  LNCaP  (A, 
C)  and  22Rv1  (B,  D)  cells.  Cells  were  transfected  with  pPB,  treated  with  DHT,  5-20 
pM  dichloroDIMs  alone  or  in  combination  with  DHT,  and  luciferase  activity  determined 
as  described  in  the  Materials  and  Methods.  Results  are  expressed  as  means  ±  SE  for 
at  least  3  determinations  per  treatment  group,  and  significant  (p  <  0.05)  induction  (*)  or 
inhibition  (**)  in  the  20  pM  cotreatment  groups  are  indicated. 

Figure  3.  Antiandrogenic  and  androgenic  activity  of  isomeric  dibromoDIMs  in  LNCaP 
(A,  C)  and  22Rv1  (B,  D)  cells.  Cells  were  transfected  with  pPB,  treated  with  DHT,  5  - 
20  pM  dibromoDIMs  alone  or  in  combination  with  DHT,  and  luciferase  activity 
determined  as  described  in  the  Materials  and  Methods.  Results  are  expressed  as 
means  ±  SE  for  at  least  3  determinations  per  treatment  group,  and  significant  (p  <  0.05) 
induction  (*)  or  inhibition  (**)  in  the  20  pM  cotreatment  groups  are  indicated. 
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Figure  4.  Structure-dependent  effects  of  isomeric  dihaloDIMs  on  AR  protein  levels. 
LNCaP  cells  were  treated  with  different  concentrations  of  isomeric  dichloroDIMs  (A)  and 
dibromoDIMs  (B)  for  24  hr,  and  whole  cell  lysates  were  analyzed  for  AR  and  p-actin 
(loading  control)  protein  by  Western  blot  analysis  as  described  in  the  Materials  and 
Methods. 

Figure  5.  Cytosolic  (c)  and  nuclear  (n)  AR  protein  in  LNCaP  cells  treated  with  DIM  and 
dihaloDIMs.  (A)  Treatment  with  DIM,  4,4’-  and  7,7’-dichloroDIM.  Cells  were  treated 
with  DMSO,  DHT,  4,4’-  and  7,7’-dichloroDIM  or  DIM  alone  or  in  combination  with  DHT 
for  1  or  24  hr,  and  cytosolic  or  nuclear  fractions  were  obtained  and  analyzed  by  Western 
blot  analysis  as  described  in  the  Materials  and  Methods.  The  nuclear  Sp1  protein  was 
determined  as  a  loading  control  and  to  determine  the  efficiency  of  the  isolation  of  the 
cytosolic  and  nuclear  fractions.  (B)  Treatment  with  DIM,  4,4'-  and  7,7'-dibromoDIM. 
Cells  treated  with  DMSO,  DHT,  4,4’  or  7,7’-dibromoDIM  alone  or  in  combination  with 
DHT  for  48  hr,  and  nuclear  and  cytosolic  fractions  were  analyzed  by  Western  blot 
analysis  as  described  in  the  Materials  and  Methods.  Nuclear  Sp1  protein  serves  as  a 
control  for  determining  the  efficiency  of  the  isolated  cytosolic  and  nuclear  fractions. 

Figure  6.  Effects  of  4,4’-  or  7,7’-dihaloDIM  on  AR  expression  and  androgen 
responsiveness.  Effects  of  7,7’-dihaloDIMs  (A)  and  4,4’-dihaloDIMs  (B)  on  AR  protein 
levels.  LNCaP  cells  were  treated  with  DMSO,10  nM  DHT,  20  pM  dihaloDIMs  for  48  hr, 
and  whole  cell  lysates  were  analyzed  by  Western  blot  analysis  as  described  in  Materials 
and  Methods.  AR,  p-actin  (loading  control)  and  Sp1  protein  were  determined.  (C) 
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Effects  of  proteasome  inhibitors  on  AR  protein  levels.  LNCaP  cells  were  treated  with  20 
pM  7,7’-dichloro-  or  7,7’-dibromo  DIM  alone  or  in  combination  with  the  proteasome 
inhibitor  gliotoxin  (3  pM)  or  MG132  (10  pM)  for  48  hr,  and  AR  protein  levels  were 
determined  by  Western  blot  analysis  as  described  in  Materials  and  Methods.  p-Actin 
served  as  a  loading  control.  (D)  Time-dependent  effects  of  7,7’-dihaloDIMs  on  AR 
mRNA  protein  levels.  LNCaP  cells  were  treated  with  7,7’-dihaloDIMs  for  24  hr,  and  AR 
mRNA  was  determined  by  real-time  PCR  as  described  in  the  Materials  and  Methods. 
The  experiments  were  carried  out  in  triplicate.  Results  are  expressed  as  means  ±  SE, 
and  significantly  (p  <  0.05)  decreased  AR  mRNA  is  indicated  by  an  asterisk.  TBP 
mRNA  was  also  determined  and  used  to  normalize  the  AF  mRNA  levels. 

Figure  7.  AR  agonist/antagonist  activities  of  dihaloDIMs.  (A)  Time-dependent  effects 
of  7,7’-dichloroDIM  on  transactivation.  LNCaP  cells  were  transfected  with  pPB  and, 
after  9  hr,  were  treated  with  7,7’-dichloroDIM  (5  -  20  pM)  for  24,  36  and  48  hr,  and 
luciferase  activity  was  determined  as  described  in  Materials  and  Methods.  Results  are 
expressed  as  means  ±  SE  for  at  least  3  determinations  for  each  treatment  group  and 
significant  (p  <  0.05)  induction  (*)  is  indicated.  (B)  Regulation  of  FKBP51  protein 
expression.  LNCaP  cells  were  treated  with  DMSO,  10  nM  DHT,  4,4’-dichloro-  or  4,4’- 
dibromoDIM  alone  or  in  combination  with  DHT  for  48  hr,  and  whole  cell  lysates  were 
analyzed  by  Western  blot  analysis  for  FKBP  and  p-actin  (loading  control)  as  described 


in  Materials  and  Methods. 
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